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SUMMARY
The performance of phase-locked, semiconductor laser arrays is investigated. 
The array is first analysed as a  passive structure. Coupled mode theory is utilised 
to calculate the eigenmodes of the parallel multiple, parallel waveguide structure. 
These modes (commonly referred to as "supermodes") are investigated first for 
uniform arrays where all waveguides are identical and on a  constant pitch and, 
secondly, for non-uniform arrays where waveguide widths and pitches are varied. 
It is shown that the first structure promotes operation in the anti-phase highest 
order supermode, whilst the non-uniform array can be adjusted to promote 
various supermodes. In order to be most effective in telecommunication systems, 
coupling to single-mode fibre is preferred - this drives the requirement for devices 
to operate in a  stable, fundamental supermode.
Having investigated the performance of simple phase-locked laser array 
structures, two alternative designs are proposed that incorporate mode selection 
mechanisms. The first utilises a  phase-shift at the laser facet to induce phase- 
changes in the propagating mode, whilst the second uses an integral mode filter 
to increase discrimination between supported modes. Both of these designs have 
drawbacks that prevent them from being used universally as solutions to 
achieving high power, fundamental supermode propagation.
Lastly, the phase-locked array is analysed in its active mode - the threshold 
currents of the supermodes are calculated and the resultant carrier densities are 
used to determine effects on the lateral dielectric profile. It is shown that carrier- 
induced dielectric changes have a significant effect on the propagating modes.
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1.1 Review of Semiconductor Lasers.
Since the development of the first semiconductor injection 
lasers in 1962, lasers have found increasing numbers of uses as the 
fabrication technologies and understanding of their operating principles 
have improved. The first semiconductor laser, a GaAs single 
heterostructure device, had to be cooled to  under 100K and required very 
high drive currents (amps) for operation. With improvements in fabrication 
processes and epitaxial growth techniques, together with the advent of 
multiple heterostructure designs, CW operation is now possible at 
temperatures over 100°C (373K) and operating drive currents can be as low 
as a few tens of milliamps. The introduction of multiple heterostructure, 
quantum well designs have produced significant improvements in term s of 
power consumption, quantum efficiency, to tal output power and reliability.
Despite the significant improvements already made, there is 
always a drive towards achieving better performance - higher output 
powers, lower drive currents, greater stability etc. Recent advances have 
opened up new fields of uses for semiconductor injection lasers - in 
particular, the advent of very high power (>1 Watt) CW semiconductor 
laser diodes has meant that diode pumping of solid s ta te  lasers (Nd-doped 
YAG, Erbium-doped fibres) is possible. Further improvements in the mode 
stability of these devices would be of great benefit in optical transm ission 
systems including long-haul data links, distributed networks and 
in ter-satellite links. In support of these requirements, considerable
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research effort has been directed towards producing a high-power, 
singIe-(zero-order)-mode laser diode.
The design of single-emitter laser diodes to produce 
high-power, single-mode outputs is already well advanced. Single-mode 
outputs of 175mW with a single longitudinal mode have already been 
reported by Daniel, Buckley et al. (ref. 24) using a Multiple Quantum 
Well, Metal-Clad Ridge Waveguide (MQW, MC-RWG) laser. However, the 
prospect of utilising many single-mode em itters to  produce a stable, 
single-mode output has led to intense interest in the field of phase-locked 
laser arrays where the performance attributes of the individual elements 
are combined to produce a single mode output.
This thesis concentrates on the design of a high-power, 
single-(zero-order)-mode, phase-locked laser array for coupling into 
single-mode fibre. The particular application is the design of such an array 
for use in long-haul, telecommunication networks (e.g. submarine systems). 
Thus, an operating wavelength of 1.55tim is considered.
1.2 Designing High-Power, Single-Mode Arrays.
The basic method of achieving a coherent, single-mode output 
from a multiple em itter device is by coupling the individual em itters to 
form a phase-locked output - if coupling is not achieved, the nett output 
is simply the incoherent sum of the outputs from each element (refs. 1, 
26, 35).
An early coupled multiple stripe laser (ref. 85) utilised curved 
waveguide sections to join neighbouring stripes and, thus, phase-lock the 
array. However, whilst the emitted far-field pattern was narrow (width~5°)
4
with a dominant main mode of width <0.6°, the structure in the far-field 
pattern intimated the presence of other higher-order modes. Other early 
attem pts at producing phase-locked outputs (refs. 2, 6, 49, SO, 103) have 
also achieved some success - the far-field patterns exhibit a main central 
lobe; however, structure in the far-field has, once again, led to the 
conclusion that other higher-order modes are present. The early evaluation 
of some of these structures was limited - the understanding of the 
coupling mechanism and the propagation of higher order modes was 
limited.
In 1984, two independent groups developed coupled-mode 
models of the behaviour of passive arrays (refs 12 and 45) based on the 
earlier coupled mode formalism of Yariv (ref. 127). These models predicted 
the existence of array modes (now called ’supermodes' after ref. 45) made 
up of phase-locked combinations of the modes of the individual elements. 
Based on the shape of the eigensolutions derived from these methods, the 
preference for higher order laser modes to propagate above the lasing 
threshold was identified (ref. 45). The reason given for this was that since 
the higher order modes have reduced field intensity between the guides 
where the loss-factor is highest, the effective loss seen by th a t mode is 
minimised. Thus, the highest order mode, with the maximum number of 
intensity nulls in the highest loss regions, requires the lowest injected 
gain to reach threshold.
Even though the above coupled-mode formalisms have been 
improved to  produce more accurate eigenmode solutions (refs 36, 37), the 
basic problem of higher order mode propagation remains and much effort 
has been directed at obtaining single, zero-order mode operation in arrays.
In a simple laser aray (made up of coupled elements only and 
not utilising any other form of mode control), the array mode solutions
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depend on the strength of the coupling between adjacent elements. This, in 
turn, is ultimately governed by the array geometry and the waveguiding 
mechanism of the structure ( i.e. refractive index guiding or gain-guiding). 
The simplest array consists of a number of parallel oxide-stripe lasers 
coupled together (refs. 78-82, 84, 86). These arrays guide light by the 
gain-guiding mechanism - carriers are generated beneath the stripe 
contacts and these produce local regions of gain. The light is then weakly 
confined to  each stripe whilst a large proportion o f the field overlaps with 
the mode of the adjacent guide causing coupling. However, due to  the 
variation of injected gain as a function of drive current and temperature, 
the stability of the guided mode is suspect and changes in the far-field 
pattern  with changing drive conditions are common (see previously listed 
references). From this point of view, the use of gain-guided, phase-locked 
arrays in producing stable zero-order mode outputs is limited. However, 
their ability to  produce very high-power outputs (including incoherent 
outputs) is proven (refs. 38, 39, 102, 110, 112, 115, 118).
The theoretical modelling of gain-guided arrays is very 
complicated. However, simplified models have been generated (refs. 13, 46, 
47). These models do not use the coupled-mode theory mentioned above 
since it does not take into account the continuous, lateral variation of 
carriers and, also, it has been shown to  be limited in the calculation of 
higher-order, gain-guided modes (ref. 14, 32, 33). Instead numerical
methods are employed to find the eigenmodes. These reveal th a t even 
small changes in the gain-guiding profile affect the eigenmodes (ref 4, 34) 
- a fact verified in practice by the mode instability with changing drive 
conditions.
The second waveguiding mechanism, refractive index guiding, 
can produce much stronger optical confinement leading to  weaker coupling
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between adjacent guides. However, the variation of the lateral 
index-guiding profile with changes in drive current above lasing threshold 
are much smaller than with gain-guided lasers. Thus, index-guided lasers 
are , potentially, more stable with respect to  changes in tem perature and 
drive current. It should be noted though th a t the modal performance of 
this laser is limited by other effects - notably, spatial hole burning and 
self-focussing (refs, 22, 100).
Uniform index-guided arrays ( i.e. ones in which the guide 
widths and element pitches are constant) have been reported to  operate in 
phase-locked modes (refs 6, 25, 27, 70 , 95, 101, 104). Once again though, 
m ultiple-lobed far-field patterns have been observed, indicative of the 
presence o f higher order modes. Thus, alternative array designs have been 
derived in an attem pt to  aid zero-order mode selection.
One of the first designs to  be tested  for its suitability to  
single mode operation was the offset gain configuration (refs. 89) - the 
injected gain was introduced in the regions corresponding to  the minima in 
the field intensity profile. The proposed concept was tha t since the 
zero-order mode has the greatest relative proportion o f photon density in 
the inter-guide regions, then this mode would benefit m ost when the 
injected gain profile matched these regions. However, by doing this, the 
ne tt overlap o f the gain and photon distributions is drastically reduced 
resulting in higher drive currents and, ultimately, lower efficiencies.
A direct alternative to the uniform arrays mentioned 
previously is the chirped array in which either the guide width and /or 
separation are varied across the array to  match the intensity distribution 
o f the required mode (refs. 2, 27, 42, 43, 48, 49, 120). However, by chirping 
the guiding structure, the resulting eigenmode profile can be distorted so 
much th a t the likelihood of high power operation is unlikely as spatial
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hole-burning and self-focussing effects will set in a t lower powers. The 
design of a high uniformity array was suggested by Streifer (90) and 
further investigated by Buus (ref. 15, 16) where the outer guide strengths 
are adjusted to  create a uniform eigenvector distribution across the array. 
The modal behaviour of this design is not as straightforward as suggested. 
This array is investigated in greater detail in this thesis (chapters 4 and 
8).
Because of the problems associated with the types of 
coupling mentioned in the aforementioned arrays (i.e nearest neighbour, 
evanescent field coupling), some researchers have re-directed their effort 
to  designing phase-locked arrays utilising alternative coupling methods. 
Two of the main methods proposed rely on coupling being introduced via 
Y-branching waveguides (refs. 21, 23, 88, 91, 92, 93 , 94, 97, 111, 113, 114) and 
diffraction of the field off the facet into adjoining elements (refs. 54, 69, 
108, 121, 122, 126). A third method recently employed involves strengthening 
the coupling of adjacent guides by creating an array of anti-guides (ref. 8, 
67). Many other methods have been proposed for obtaining phase-locked 
behaviour from an array (e.g. lateral offset stripe arrays, ref. 116, X-branch 
arrays, ref. 7, interferometric arrays, ref. 9). However, their ability to  
produce a single-zero-order-mode output has been limited.
It has been proposed th a t the highest order mode is favoured 
and is self-stabilising (ref. 100) - this leads to  the possibility th a t arrays 
are designed to  support this mode and methods o f phase-correction are 
used to  convert it into an equivalent zero-order mode (refs. 61). The use 
of phase-corrector plates has been investigated (ref. 40, 68). However, the 
suitability of this method to manufacturing processes is questionable but 
it is noted tha t this method provides a possible alternative solution if a 
zero-order mode device cannot be fabricated.
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Thus, it is seen that many alternative methods o f producing a 
stable, zero-order mode, high power laser array are possible. What started  
as a simple design has become an extremely complicated problem involving 
the analysis of optical modes in active devices subject to variations in 
temperature and carrier redistribution.
1.3 Outline of Thesis.
This thesis addresses the problem o f designing a stable, 
zero-order mode laser array operating at a wavelength of 1.55iim suitable 
for use in telecommunications networks.
Before considering the complexities o f this design, the 
concepts of waveguiding and lasing threshold action in a single element 
laser is considered (Chapter 2) - for analysis purposes , the waveguide 
considered is the Ridge Waveguide (RWG). This device is dominantly 
refractive index-guided and has been shown to  support a stable zero-order 
mode (ref. 24). Furthermore, it has demonstrated reliability compatible with 
telecommunication systems with typical predicted lifetimes greater than 
25yrs.
Having presented a simple explanation of some of the 
characteristics o f the single element, RWG laser, the m ultiple-elem ent 
RWG laser array is analysed. First, a coupled mode approach is developed 
which allows the behaviour of an array of coupled elements to  be analysed 
based on the behaviour of each individual element (Chapter 3). Two 
im portant parameters are identified - the coupling constant, x, and the 
induced phase change, M. These are evaluated for the case o f two parallel 
waveguides in close proximity. The eigenmodes of the structure are then 
derived from a matrix equation. The modes o f an idealised, uniform RWG 
array are derived and the corresponding far-field patterns computed.
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A more complete analysis of uniform and chirped arrays is 
presented in Chapter 4 - investigations of the RWG array modal behaviour 
as a function of ridge width, separation and injected gain are presented. 
The special case of a high uniformity array is presented after ref. 16. It 
will be seen that the behaviour is not as straightforward as might be 
thought. The higher order modes still have the lowest modal losses.
Having looked at the uniform and non-uniform arrays, Chapter 
5 investigates two alternative array designs - the angled facet laser array 
and an array with mode filter. These produce two alternative methods of 
mode control - the first by introducing phase-changes at the facet and the 
la tte r by coupling the modes of the RWG array to  the modes o f a broad 
area structure. The first case is seen to  produce degenerate modes when 
the phase between adjacent stripes is radians whilst the la tter can 
produce noticeable changes in the threshold modal gain values compared to 
the ordinary array.
Lastly, in Chapter 6, the analysis of RWG arrays switches 
from the passive structure to the active structure. A rate equations 
analysis is presented which calculates approximate values for the threshold 
currents and L/I characteristics for each supermode. The equations are 
extended to  consider the effects of the lateral variation of carrier density 
on the refractive index guiding profile. The modes of a RWG array are 
computed in the presence of carriers for the threshold condition. The 
analysis is completed by considering the high uniformity array o f Chapter 
4 under carrier injection.
Chapter 7 presents the conclusions of the thesis.
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CHAPTER 2.
BASIC WAVEGUIDE AND LASER THEORY.
2.1 Introduction.
This chapter investigates the behaviour of a simple 
ridge-waveguide laser. The concepts of waveguiding, energy confinement 
and lasing threshold are introduced.
Mode guidance in a real, lossless dielectric slab waveguide - 
the propagation of energy along a waveguide, is introduced in section 2.2. 
After briefly investigating the properties of this simple structure, the 
analysis of the 2-dimensional ridge waveguide is presented (section 2.3) - 
the effective dielectric constant approximation is used to  reduce the 
two-dimensional ridge waveguide structure to  an effective slab waveguide.
The concept of mode confinement is introduced in section 2.4. 
A parameter is defined quantifying the amount of mode confinement in a 
specified area. A simple expression is then derived relating the threshold 
gain of a laser to the internal semiconductor losses, the facet losses, the 
cavity length and the mode confinement parameter. The distinction between 
modal gain and threshold gain is clarified.
Section 2.S presents the conclusions o f the chapter.
2.2 Waveguiding in the 3-layer Dielectric Slab Waveguide.
This theory is covered in many tex t books on electromagnetic 
waveguide theory [e.g. refs. 3, 19, 99]. Electromagnetic wave propagation
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through a medium is governed by Maxwell's equations. For a lossless 
medium, these may be written as:
VxE = -  d B /  at (2.2.1)
VxH = d D / dt (2.2.2)
V.E = 0 (2.2.3)
V.H = 0 (2.2.4)
E is the electric field vector, H the magnetic field vector, B 
the magnetic flux vector and D is the electric flux vector. The la tter 
fields are related to  E and H in a non-magnetic, homogeneous, isotropic 
medium by:
B = \lq H (2.2.S)
D = e E (2.2.6)
where p.Q is the permeability of free-space and e is the permittivity o f the
medium. The la tter is related to the permittivity of free-space by e =
where eq is the permittivity of free-space and Er is the relative permittivity 
of the medium.
By taking the curl of (2.2.1) and using equations (2.2.2), (2.2.S) 
and (2.2.6) to simplify the result, the Helmholtz wave equation may be 
derived for the homogeneous, isotropic medium. This equation is stated  
below for a vector field E(x,y,z,t)=E (with co-ordinates given in fig.2.2.1.).
V2E =  (2.2.7)
a t2
where £(r) is the permittivity of the medium at co-ordinate r.
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(An analogous equation can be derived for the magnetic field, H)
When considering the types of fields that dominate in simple 
laser structures, major interest centres on guided-fields i.e. fields in which 
energy is channeled along a given, guiding path. In the case o f a laser, the 
desired axis of propagation lies along the length of the resonator cavity. 
The diagram below illustrates this principle where light energy is guided 
along the central layer if the value of its refractive index, n2 (dielectric 
constant e ) is greater than those surrounding it ,n and n (dielectrica 1 u
constants e., respectively). The dielectrics are considered constant within1 3
the regions defined.
y
* V Ji__________________________  I
n p direction of I_____
2’ 2 7 light propagation
FIGURE 2.2.1 A SIMPLE THREE-LAYER, LOSSLESS, SLAB WAVEGUIDE
A wave travelling in the positive z-direction may be represented
by:
E(x,y,z,t) = E = E(x,y). expj(wt-(Sz) ......(2.2.8)
This function represents an arbitrary-shaped forward travelling 
wave with angular frequency u and propagation constant 0. A fter
13
substituting this in the wave equation and setting d/dx=0:
d2 E(y) + (P2 - n0ek u2).E(y)= 0  (2.2.9)
i?
This is the one-dimensional (or reduced) wave equation.
It is now worth considering the sets o f solutions obtained 
from the Maxwell's equations for the three-layer, dielectric slab waveguide. 
Making use of equations (2.2.1) and (2.2.2) and setting d/dx=0 and 








iBE + dE = -ia>n_H (2.2.12a) 
y  d y z 0 x
VxH = e dE _Odt
d H = - icoe, E_ 
k z
pH = -ue. Ex k y
(2.2.10b)
(2.2.11b)
iBH + dH = iwe, Ev (2.2.12b) 
y  a y 2 k x
Two orthogonal mode sets are now defined:
(i) E , H , H (E set to zero) - known as Transverse Electricx y z z
(TE) modes as they have no component of the E-field in the direction of 
propagation. The field components are related via equations 2.2.10a, 2.2.11a 
and 2.2.12b
(ii) Hx> Ey, Ez (Hz set to zero) -  known as Transverse 
Magnetic (TM) modes as they have no component of the H-field in the 
direction of propagation. The field components are related via equations 
2.2.10b. 2.2.11b and 2.2.12a
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Now that the mode sets are apparent, it is possible to solve
the one-dimensional wave equation (equation 2.2.9) and, thus, find the 
components of the TE and TM modes. We start by calculating one vector 
component and then use equations (2.2.10) to  (2.2.12) to  determine the 
o thers. The requirement for bound modes implies th a t no energy should 
radiate away from the guide. Thus, the time averaged Poynting vector 
decays to zero as the distance from the guide increases. Analysing TE 
mode solutions first, we consider fields of the form:
TE MODE FUNCTIONAL FORM 
E (y) = Acos(<p) exp(-p. (y-^)) for y ^X 1  ^ £
Ex (y) = A cos(h[y-^!l +<p)
Ex(y) = Acos(-hd+cp) exp( p3(y+^)) for y * “  (2.2.13)
where A is the electric field amplitude
d is the width of the guide
p, h are related to the propagation constant, 3 by:
pj ; =  o 2 - e k k£)  (k=l ,3)
h2 = ( e 2 k2 - P 2 ) (2.2.15)
(2.2.14)
and <p is a phase-term to be determined.
The magnetic fields are then derived using (2.2.10a) and (2.2.11a):
(2.2.16)
H  = - - i -  f l *  
z up0 dy (2.2.17)
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The unknowns in the field equations are now found by matching the 
tangential field components at the boundaries -  both E and H are 
continuous across a charge-free boundary. Equation (2.2.13) already caters 
for the E-field continuity whilst the H-field continuity is the same as 
specifying a continuous E-field gradient idE/dy)  across the boundary. The 
equation obtained is in an eigenvalue form which allows calculation o f the 
propagation constant, 0.
The TM mode equations may be found similarly using an 
analogous field distribution:
TE MODE EIGENVALUE EQUATION:
tan(hd) == h(p +p ) 
* ^ 3
(2.2.18)
TM MODE FUNCTIONAL FORM 
H^y) = Bcos(^) expt-pj (y- ^)) for y
H^y) = B cos(h [y -^] +4>)
H^y) = Bcos(-hd+i{>) exp( p3(y+^)) fo r y £ ~  (2.2.19)
where B is the magnetic field amplitude
and cp is a phase-term to be found.
The corresponding eigenvalue equation is:
16
h fjD_ , p .\
tan(hd) = e ve e J (2.2.20)1 O 1
T
( f  - M
2 1 3
In the case of symmetric guides, the outer dielectric layers are 
the same, e =e and the eigenvalue equations for the fundamental mode1 u
take on the form :
utan(u) = w (TE modes) .......... (2.2.21)
utan(u) = 2^_ w (TM modes) ............(2.2.22)
e<
where u = h^- ; w =
and u2 + w2 =( 211 d 1/e - e )2A « 2 1 '
0 2
From equations 2.2.21 and 2.2.22, the values of u and p can be 
determined. The propagation constant of the mode, 3. can then be readily 
evaluated. Thus, knowledge of the Shapes of the modes and their 
z-dependence is obtained. For the waveguides considered in this thesis,
typical values of and e2 lie in the range 11.4 to  11.6. Since the ratio of Ej
to e2 is very close to unity, there will only be a very small difference
between the TE and TM mode sets. Values of 3 will lie in the range of
7 -lto  Ve2.kQ i.e. approximately 1.36-1.38x10 rads, m . Plots of typical 
field profiles for TE and TM modes in a symmetric guide with e =e =11.4,1 u
e2=11.6 and w=1.5iun are shown in figures 2.2.2(a) and (b ). Note tha t the 
guide is capable of supporting only one TE and one TM mode. This mode 
is known as the fundamental mode. As stated  above, the mode profiles are 
indistinguishable on the scale shown since the ratio is approximately
one. As the strength of the guide (w Ae) is increased, higher order modes 












Figure 2.2.2(a) Fundamental TE mode of a 1. 5/vm 










Figure 2.2.2(b) Fundamental TM mode of a 1 . 5/ym 
wide slab waveguide with £^=£ 3 = 1 1 . 4  and £ 2 = 1 1 . 6








Figure 2.2.3 Fundamental and first-order TE modes 
of a 3/um wide slab waveguide with £ - = £ 3 = 1 1 .4 and 
e 2 = 1 1 . 6  . 1 8
guide, w, or increasing the dielectric step, Ae. Figure 2.2.3 shows the TE 
mode profiles for the same guide as its width is increased to  3iim. Two 
TE mode solutions are now present. To illustrate this principle further, 
figures 2.2.4(a) and (b) show the effective relative permittivities (defined by
o
(P/kQ) ) of the TE modes for a symmetric guide as w and Ae are varied. 
As the strength of the guide increases, higher order mode solutions are 
found. The corresponding TM mode solutions are shown in figures 2.2.5(a) 
and 2.2.S(b). The difference between the TE and TM mode sets are not 
noticeable on the scale shown.
2.3 The Ridge Waveguide.
The laser structure to be considered in this thesis is the Ridge 
Waveguide (RWG) laser (figure 2.3.1(a)) made from GalnAsP. This structure 
has variations of the refractive index in both the x and y directions. Thus, 
it forms a two-dimensional waveguide which serves to confine the energy 
in the transverse and lateral planes. To find the guided modes of this 
structure, an effective index approximation is firs t used to  reduce the 
two-dimensional problem to one dimension. This, then, enables the method 
introduced in section 2.2 to be used to find guided mode solutions.
The effective index method is now applied to  the 
semiconductor laser since it is a weak dielectric waveguide with low aspect 
ratio (see, for example ref. 3). The method involves finding the slab modes 
of the vertical structure of the RWG and converting their propagation 
constants into effective dielectric constants for the ridge and channel 
regions. If the vertical structure is assumed to  support a single, TE mode
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width of guide, w (microns)
Figure 2.2.4(b) Effective relative permittivity 
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Figure 2.2.5(b) Effective relative permittivity 















refractive index profiles of 
channel and ridge regions
(b)
Figure 2.3.1 The Ridge Waveguide (R W G ) structure 















Figure 2.3.2 The TE and TM mode polarisations in 
dielectric slab waveguides
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eeff= (e/k o>2 (2.3.1)
where 0 is the propagation constant o f the TE mode o f the ridge or 
channel region.
Since the vertical modes in the ridge and channel regions differ, 
a one-dimensional effective index profile can be calculated due to  the 
different values of e for these regions (see fig.2.3.1(b)). The method of 
section 2.2 can then be employed to  calculate the modes of the RWG
structure. One point to  emphasise is th a t the TE modes of the RWG
structure are the TM modes of the effective index profile (see fig.2.3.2). 
Thus, one m ust calculate the effective dielectric constant o f each region 
for the transverse fundamental TE mode and then use this to  determine
the TM mode of the effective index profile - the la tte r mode equates to  a
TE mode of the RWG structure.
For the structure shown in fig.2.3.1(b), the calculated values for 
the effective dielectric constants and dielectric steps are :
7 — 1TE mode propagation constant beneath ridge= 1.3781265x10 rads m
7 “ ITE mode propagation constant between ridges= 1.3695269x10 rads m 
effective dielectric constant beneath ridge= 11.5579 
effective dielectric constant between ridges= 11.4141 
effective dielectric constant step= 0.1438
2.4 Mode Confinement and the Threshold Gain Condition.
So far the optical modes o f the structures have been
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calculated for lossless guides only i.e. ones in which photon loss is 
negligible. This is not a true representation of a dielectric waveguide 
formed from epitaxially grown layers. In such structures, optical losses 
may occur within the semiconductor layers and a t the material interfaces 
(between layers of different composition). These losses can be dealt with 
theoretically by making the dielectric constant o f the material complex. If
A
one considers an effective dielectric constant 6
6 = 6  +16, r i
where 6  ^ and 64 refer to  the real and imaginary components of the 
dielectric constant, then the z-directed mode propagation function is:
E(z) a exp(-i3z)
a exp(-i3r z).exp(3tz)
where 3 = 3 + ifrr 1
and 3 = V6 . k_ r r O
3, = ve,. k0
It is seen th a t the "rear* propagation constant is a wave propagation 
function related to  the real part of the dielectric constant whilst the 
imaginary component is related to  an exponentially growing or decaying 
term  and is related to  the imaginary part o f the dielectric constant. If the 
exponential decays, the medium is said to  be lossy w hilst positive values 
o f 3j represent gain. By using complex values of the dielectric constant, 
complex mode solutions can be found for waveguide structures. These
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complex modes have a propagation constant (real part o f the propagation 
constant) and a modal gain (loss). However, for the ridge waveguide laser, 
the ratio o f Ej/£r is very small and it is not necessary to  invoke the 
complicated analysis mentioned above. Instead the modal loss may be 
calculated with a high degree of accuracy from a knowledge of the field 
losses in the various layers and the mode distribution in those layers. If 
the gains in the ridge and channel regions in a ridge waveguide are 
denoted gridge and 8channei anc* the proportion of field in these regions is 
denoted T and r  . ., then an approximation to  the modal gain is,ridge channel
simply:
g = r  .g + r  .gm ridge °ridge channel °channel
where g ^  represents the modal gain
However, the sum of r  . and T _ , are unity since they are relativeridge channel
proportions which sum to  unity. Thus, a knowledge of r ridge will yield a
value o f T .
channel
The values of gain in the ridge and channel regions can be 
determined experimentally or calculated approximately w hilst the value of 
the param eter r ridge niay be determined theoretically using the mode 
shape determined from the slab waveguide calculations. If the lateral mode 
solution of the RWG is E (x), then T . . is:m ridge
r H d „  = /  'E  (x) |2 d x  /  7 IEm (x) |2 d xridge J  m
ridge 00
Function, T, is normally referred to  as the mode confinement factor (or,
24
sometimes, the power filling factor) since it determines the relevant 
confinement of the optical mode or photon power to  a given region. For 
waveguiding structures such as the ridge waveguide, the stronger the 
waveguiding effect, the higher the confinement of the mode to  the ridge 
region. To realise how this affects the behaviour of the laser, it is now 
necessary to derive the threshold gain condition.
round-trip gain imparted on the optical mode is sufficient to  overcome the 
internal and external (mirror) losses of the resonator itself. In mathematical 
form, this is simply
Thus, the trheshold gain of mode m may be written as the sum of the 
modal loss and the mirror losses:
A laser is simply an optical amplifier which oscillates when the
R. R_ .exp(2 (G -a )L )  = 11 2  m
where are t *ie a^cet (p°wer) reflectivities,
modalridge channel
( a , a . , are the photon losses beneath the ridge and channel)
r lnoA n n a n n a l  * vridge’ cha el
L is the cavity length
and G is the threshold gain of mode m.m
Gm “ + 2L •exp(jJ1R2)
25
2.5 Conclusions.
The concept of electromagnetic mode families in refractive 
index guiding structures has been presented. A method of calculating the 
transverse electric (TE) and transverse magnetic (TM) modes in simple 
three-layered slab waveguides has been derived. Practical waveguide 
structures in the form of multiple ridge waveguides have been introduced. 
The modes in these structures can be analysed using the the effective 
index method.
With a knowledge of the modes supported by a waveguide, the 
mode confinement factor can be determined. This parameter determines the 
relative proportion of the to tal energy th a t exists in a specified area - it 
is used when specifying the modal gain/loss and threshold gain of each 
mode supported by the waveguide. A simple relation between the threshold 
modal gain of a mode, m, and the corresponding mode loss was derived. In 
simple terms, the threshold gain of a mode is equal to  the sum of its 
modal loss and the mirror losses.
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CHAPTER 3.
GUIDED MODE SOLUTIONS OF COUPLED WAVEGUIDES.
3.1 Introduction.
The previous chapter was concerned with ca I culating the 
modes and threshold gains of a single element, RWG laser. However, to 
achieve very high output powers, the output can be obtained from a 
number o f coupled lasers. Before considering the m ultipie-em itter, rwg 
array, a method of analysis needs to  be developed to  analyse this 
structure.
Coupled mode theory can be used to  find the eigenmodes of 
coupled multiple waveguide structures. The method has been used by Yariv 
[ref. 127] to  find the eigenmodes of parallel, coupled waveguides in terms 
of the known modes of the individual waveguides. Before deriving these 
coupled mode equations, it is necessary to  obtain a perturbation form of 
the wave equation which relates the modes of the coupled multiple guide 
structure to  the modes of the individual waveguides. Thus, section 3.2 is 
concerned with deriving a perturbation form of the wave equation for a set 
of parallel waveguides. Section 3.3 derives the coupled equations for the 
case of N coupled, index-guided waveguides supporting TE modes only. It 
will be seen th a t the calculation o f the eigenmodes o f the composite guide 
using the coupled-mode theory requires the calculation o f several mode 
overlap parameters. Two of the dominant parameters are the coupling 
constant (which determines the strength of the interaction of the modes 
supported by adjacent guides) and the correction to  the propagation 
constants o f the individual guided modes (due to  the presence o f the
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neighbouring guides). The la tter will be shown to  represent an induced 
phase-change in the individual waveguide propagation constants caused by 
the proximity of the adjacent guides. A simplification of the last case is 
introduced in which the following assumptions are made. First, the guides 
are assumed to  support the fundamental TE-like mode only. Secondly, 
nearest neighbour coupling is assumed to  be strongest so th a t all other 
coupling coefficients can be ignored. Both points serve to  simplify the 
calculation of the composite eigenmodes. The coupled mode format then 
reduces to  the form presented by Hardy and Streifer [ref.s 36 and 373.
Section 3.4 is concerned with evaluating the coupling constant 
o f adjacent guides and the induced phase-change due to  these guides for 
the ridge structures introduced in the last chapter. These calculations are 
dependent on a knowledge o f the modes o f the individual ridge guides. 
First, the lateral modes of the parallel guides are determined and then, the 
relevant mode-overlap equations can be used to  determine the coupling 
constants and induced phase-changes.
Lasly, in section 3.S, the phase-locked modes (also known as 
’supermodes’) of a multiple, coupled waveguide structure are calculated in 
term s of the individual waveguide modes using the previously defined 
coupled mode analysis.
The main conclusions of the chapter are detailed in section 3.7.
3.2 The Perturbed Field Equation for N, Parallel, Index-Guided Waveguides.
Consider N, parallel, index-guided waveguides whose respective 
refractive index profiles are shown overleaf. nk(x) is the refractive index 
profile of guide k , whilst nc(x) is the profile for the composite guide:
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nk(x) T R= y i nk n0 n(x)
I  > x
no
where wk is the width of guide k, sfc is the distance
between guides k and k+1 and ofc is the co-ordinate of guide k relative to  the 
origin.
It is proposed th a t the total field of the guide may be 
approximated by a weighted sum of the fields supported by each guide:
N
E^(x,y,z,t) = ^  [Ak(z).E^(x,y).exp(i[a)t-$kz])} 
k=l
where E^(xfy,z,t) is the x-directed (TE-like) field of the 
composite structure at point x, y, z and time t,
If there is no variation in the y direction then d/dy  is zero and the field 
can be assumed to  be independent of y. The to tal field may then be 
expressed as:
E*(x,y) is the x-directed lateral mode of guide k at point x, y 
with longitudinal propagation constant 
Afc(z) is the weighting coefficient for guide k due to  coupling
with the other guides and the z-dependence accounts for any
induced phase-changes 
and a) is the angular frequency of the EM fields.
N
E^(x,z,t) = Ak(z).E^(x).exp( i[oot-3kz3)} (3.2.1)
k=l
(In the case o f RWGs, the effective index method provides the
one-dimensional guiding profile).
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The method detailed by Yariv [ref.l£7 ] is now employed to 
relate the to tal field in the composite guide to  the polarisation caused by 
each component of the field, (E^k(x)). The basis of this analysis is the 
perturbed form of the wave equation which relates the eigenmodes o f the 
m ulti-elem ent structure to  the individual waveguide modes and the 
perturbation on the medium polarisation caused by the individual modes, 
Ppert* details analysis are presented in Appendix 3.1; the resu lt
o f the analysis is presented here. By first considering the wave equation 
for the coupled guide structure and redefining it in term s o f the 
polarisation caused by the composite medium; then substituting equation 
3.2.1:
N
^  {"12 3k l A k(z).Ek(x).exp(i[cot-3kz ])  } = (i.d2 C P r t (x,z ,t)3x 
k=i dz 3 ?
 (3.2.2)
N
and P .(r,t) = V  [e (r,t)~ e . ( r , t ) ]  E (r,t)  (3.2.3)—pert Z-j c — k — x —’k=l
This equation forms the foundation of the following coupled-mode 
analysis.
3.3 The Coupled Mode Equations for a Coupled Waveguide Structure.
Following the method o f Yariv (ref. 127), multiply the
perturbation equation, (3.2.2), by E^(x) (where 1=1, 2.... N), the mode
supported by guide 1 and integrate over x=-oo to  x=+a>:
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where the x-dependent integral has been taken inside the second order 
differential term on the right hand side since it is independent of time, t. 
The method now departs from th a t of Yariv [ref. 127] and follows that of 
Hardy et al (ref. 37). The la tter method differs from the former since it 
includes a cross-product term of the overlap of the modes supported by 
adjacent guides. Yariv makes the assumption tha t this is negligible - which
is only the case for weak coupling.
+00
Thus the term I Ek(x)EMx)dx is not assumed to be negligible if 1/ k
“ 00
If the above equation is re-arranged to  keep all term s involving k on the 
left hand side then:
Z  {Pk AAk(z).ex p (-iP fcz )Ik l} 
k=l dz
+00
= iu exp(-iat) d2 [ CP (x ,z ,t)] E l (x)dx
2 712 J p' rt
-oo
where Ifcl denotes the integral of the overlap o f E^(x) with E^(x).
+ 00
I , ,  = Ek(x)E1 (x) dx  (3.3.1)kl J x x
“ 00
The perturbation of the medium [Ppert(x,z,t)]x is now expressed in terms 
of the modes supported by the coupled guide:
N
tP r t (x,t)lx = exp(icot) {Ak(z) E^(x).exp(-i3kz).AGk(x)}
~ pe  x k=l x
 (3.3.2)
where A£ (x) = £_ (e (x) - e,(x)) k=l, 2...Nk O c k
M x) is the coupled guide relative permittivity profile and
ek(x) is the relative permittivity profile of guide k.
The coupled equation becomes:
2  K  4 ^ k (z )e x p ( - ip kz ) ,ki}k=l dz
Since 1 can go from 1 to  N, there are N coupled equations o f th is form.
3.3.1 Simplification of the Coupled Mode Equations.
Let A|(z) = Ak(z).exp(-iPfcz), therefore:
dA|(z) = -ip fcA|(z) + exp(-i{&kz) dA^z) 
dz dz
By re-arranging the above to  obtain an expression for dA^Cz) j„ term s o f 
dA'(z)k and Aj(z) and substituting the result into the perturbation equation
dz
to  eliminate the term  exp(-i3kz) then:
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{^k ^^A^(z)+ i0kAk(z)j Ik]}
„ N +°°
= £  {Ak(z) E^(x)EMx) A£k(x) dx }
k=i J
“ 00
This may be manipulated to express in terms of A’ (z):
dz
N
{3k dAfc(z) Ifcl] 
k=1 dz-
Introducing the following matrices:
A representing a column matrix with components dAk(z)
dz
A representing a column matrix with components Ak(z)
B , an NxN matrix with elements B^ k= &kIjk
o
C , an NxN matrix with elements C^k= &kIjk 
and D , an NxN matrix with elements;
+ 00
D., = U&>2 f  Ek(x) E1 (x) ie , (x) dx  (3.3.1.2)
Jk 2 I x x  *
“ 00
then the above equation can be expressed as:
A = -i. B_1(C+D).A ........ (3.3.1.3)
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3.3.2 Adjacent-Guide Coupled Equations.
The coupled equations derived a t the end of the last section 
relate the modes of a coupled, multiple guide structure to  the modes 
supported by each guide. If we consider the coupled multiple ridge 
waveguide structure mentioned earlier, practical designs will utilise ridge 
guides with widths greater than 1.5iim and ridge separatons o f the same 
order. Under these circumstances, the coupling effects due to  distant 
ridges are negligible and further simplifications may be introduced. If 
adjacent-guide coupling is dominant, then the matrix equation (3.3.1.3) 
contains tri-diagonal matrices B, C and D, with all o ther term s being 
negligible:
A = -i B 'J (C+D )A
with BJfc = 0fcIJk <k=j-1, j, j+1)
V =  ^  <k=H , j, M>
D k = ^  j ”  EJ(x)Ek(x)AEk(x)dx (k=j-l, j. j+1)
—ao
When j=k, the value of D is related to  the overlap o f the 
mode intensity with adjacent guides - from the m atrix equation, D adds 
to  the propagation constants. Thus, represents a phase correction term. 
For the purpose o f the analysis, this term  will be denoted and shall 
be referred to  as the 'induced-phase' term.
When k=j-l or j+1, the value of D is the familiar coupling
constant, x , after ref. 127. Thus, this term  will also be separated out for
discussion as the coupling constant: x^k = D^ k
Further simplifications can be obtained if the coupling is very weak such
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th a t Ijj> >Ijk (j=/k). The matrix equations then reduce to  the form proposed 
by Yariv (ref. 127):





where use has been made of the time-averaged Poynting vector, from which 
the following relationship can be derived:
_+oo
f IE,(x)l2 dx = 2jiu 
- i  1 p.
and x^k is the value of equation (3.3.1.2) when j * k.
3.4 Calculating the Coupled Mode Parameters.
The previous section was concerned with deriving the coupled
mode equations for a set o f parallel waveguides in term s of the
unperturbed modes of each isolated guide, the coupling coefficient, x, and
the induced phase-change, M. Values of M and x are now derived for the
ridge-waveguide shown in section 3.2. Since nearset neighbour coupling is
considered, the values of x,t and M,, are restricted to  k=j-l and k=j+l.jk jk
3.4.1 Calculation of the Phase-change, M, o f the Stripe Propagation 
Constant due to  an Adjacent Guide.
The integral form o f M is given as the value of equation
J
(3.3.1.2) when E^=Ek . It is referred as the induced phase-change since it 
represents the effective change in 3 due to the presence of adjacent guides
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- the leading diagonal of the matrix summation (C+D) from equation 
3.3.1.3 represents a modified propagation constant term.
+00
M, = u  f  AE.(x).{E*(x)}2.dx  (3.4.1.1)J.k — J k x
4  co
k=j-l, j+1
To evaluate this for the array structure, the  form o f the field
given by equation 2.2.13 is used. A£k(x) is zero everywhere except over the
o <y
width of stripe k where its value is £Q (nj -nQ ). This reduces the
bounds of the integral to  ok wfc /2  £ x £ ofc+ wk/2 .
By carrying out the relevant substitutions and simplifying the
equations, the expression for the real part o f M is found to  be:J*^
M. = w a j2 cos2(hjw / 2 ) .  J_ .e x p (-2 p j s).(l-exp[-2p j w1 ])....(3.4.1.2)J.k 4 e e J 2pJ e 1 e k
e
where a^ is the normalised fundamental TE mode field amplitude beneath 
guide j
p* = /  P J2 - n f k 2e ' e J o
(n^  is the effective refractive index beneath guide j
0^ is the mode propagation constant fo r guide j)
and Sj is the distance between stripes j and k
is normalised such that the power flowing in the mode is equal to  lWatt
per unit of y-dimension, i.e.:
f  ExH *.dx| = 1
2 “CO
Since the real index guide supports the fundamental TE-mode, then the
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above normalsiation is equivalent to:
+  CQ
p . f  IE*(x)l2 dx = 1 
2uno
The variation of the real part of M for two parallel guides
J*K
has been investigated for a refractive index step of 0.012 (Ae=0.1438) and 
w fixed at 2^m. The variations of M and M have been calculated as
M  I «  pi
functions of w2 and s i (figures 3.4.1.1(a) and (b) , respectively). It can be
seen tha t M2 decreases rapidly as w2 increases and s , Wj remain fixed.
This may be attributed to  the increase in the lateral confinement of the
fundamental TE-mode of guide 2 as w2 increases which reduces the
overlap of this mode with stripe 1 which, in turn, reduces . Note also
how M2 j decreases with Sj due to  the exponential fa ll-o ff of the E-field
outside the stripe which, once again, reduces the relative amount of field
beneath stripe 2.
The variation of Mj with w2 is hardly noticeable since, for
a 2^m stripe, the mode beneath guide 2 is tightly confined. Thus, any
change in the second stripe does not influence the phase-change beneath
guide 1 since the penetration of the exponential field tail from mode 1
only reaches a fraction o f guide 2. The change in M as a function o f s*»• 1
is the same as M2 .
3.4.2 Calculation of the Coupling Constant, x, Between Two Parallel 
Guides.
Similar to  the above procedure, the coupling constant is obtained 
by substituting the relevant field equations into (3.3.1.2) and integrating
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width of ridge 2, w 2 , (microns)
Figure 3.4.1.1(a) Variation of the modification 
of the propagation constant, M, due to an 
adjacent waveguide as the width of guide 2, w 
is changed. (wf=2/t/m, s=2/ym, Ae*=0.144) 4
2000
<U






separation of ridges, s, (microns)
Figure 3.4.1.1(b) Variation of the modification 
of the propagation constant, M , due to an 
adjacent waveguide as the separation of the 
waveguides, s, is changed. (w^«W2“2//m, Ae»0.144)
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over the correct range. In this case, when evaluating x , the range of 
integration is over stripe j, ° j~wj / 2 ^ x ^ o ^ + w ^ / 2  where the dielectric 
difference, A6 , is non-zero. The general form for the real part of the 
coupling constant is Cref. Ill:
x . . = co£ (n? - n^.) a* ak cos(hk w y 2 ) ex p (-[p k s. + 9 .3 )J.k — O  1 Q e e e k e j
2 (h>2+ Pk2]e e
x { h^ sin (cp2) .cosh (<Pj) + p^coslip^.sinhC ^)}
 (3.4.2.1)
where <p. = pkw ,/2  and <p_ = h ^ w /2r l j 2 e j
J kand a^ , ae are the normalised amplitudes o f the fields beneath stripes 
j and k.
An analogous expression can be derived for x by interchanging the k's
K,J
and j’s and the l’s and 2's in (3.4.2.1).
x. = w£ ( n f  - r £ )  a* a k cos(h^ w / 2 )  exp(-[p* s t + <p' ])k.j — O  1 Q e e e J e j T2
2 ( h ^ p * 2 )e e
x ( hk sin (tpj). cosh (<pp + p^cos(<pj).sinh(tp^} .......(3.4.2.2)
|  lcwhere <p^ = p^Wj/2 and -  h;wk/ 2
It should be noted that, for two, non-identical guides, x doesJ»*
not equal This can be seen by interchanging the j’s and k’s in the
two equations above.
Plots of the real part of x and x for two parallel 
waveguides with a refractive index step o f 0.0212 (AE= 0.1438) are shown in
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figs. 3.4.2.1a and 3.4.2.1b. Wj is fixed a t 2tun while Sj and w2 are varied. To
explain the variation of Xj with w2, consider the shape of the
fundamental mode beneath guide 2 as the guide dimension is varied. When
w2 is very small, mode 2 spreads out over a large area and the net
overlap of the modes (of the two guides) beneath guide 1 is small. Hence,
x1 is small. As w2 increases mode 2 becomes more tightly confined and
the field overlap of the modes beneath guide 1 increases until a maximum
is reached - this corresponds to  a maximum in x . As the width of guide1
2 increases further the exponential tail o f  mode 2 falls o ff rapidly across 
guide 1 since the offset o f stripe 1 is effectively moved further away. As a 
result of this, the field overlap decreases and Xj decreases.
The variation of x2 with w2 is alm ost exponential. The cause 
of this is th a t as w2 increases, the o ffset o f the centre of stripe 1 from 
stripe 2 increases. The field of guide 2 becomes more tightly confined 
w hilst mode 1 remains unchanged. Hence, x2 falls o ff exponentially with
W2'
The effect o f varying s is the same for both x and x .1 Z|J
Since the dimensions o f the guides are not changing, the modes beneath
them remain unchanged in shape. The effects o f increasing the separation
of the guides is th a t the overlap of the modes decays evanescently. The
coupling constants x and x decrease accordingly.1 *|1
3.S Supermode Theory.
Following the method o f Kapon, Katz and Yariv (ref. 45) , 
phase-locked modes may propagate in a coupled waveguide structure. 









width of ridge 2, w 2 , (microns)
Figure 3.4.2.1(a) Variation of the coupling 
constant, K, as the width of guide Zf is
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separation of ridges, s, (microns)
Figure 3.4.2.1(b) Variation of the coupling 
constant, k , as the separation of the waveguides, 
s, is changed. (w1-w2“2//m, Ae-0.144)
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represented by:
Er(x,z) = Er (x)exp(- i o^z) 
where Er(x) represents the lateral distribution of supermode r with 
propagation constant o .^
By finding the z-derivative of the above equation, the 
supermodes can be calculated using coupled mode theory. Firstly:
dE^ x'z) = -iorEr(x).exp(-iOrz)
= -io Er(x,z)  (3.S.1)
r
Now Er(x,z) can be found from the modes of the individual guides 
(coupled mode theory):
k=N
Er(x,z) = A*j(z).Ek(x).exp(-iPkz) 
k=l
Thus, dE^ x 'z) = -iOr 2  A^z)Ek(x,z)
k=l
Using (3.3.1.3)
-iB _1(C+D)A = -io Ar
=> (b '^C + D )  - Orl)A  = 0  (3.5.2)
where I represents the NxN unit matrix.
The above equation, when solved, will yield eigenvalues (i.e. 
propagation constants) with eigenvectors Ar  ^ where r  is the supermode 
number and j is the guide number. By applying this technique to  the ridge 
guide structure of section 3.2, the phase-locked eigenmodes (supermodes) 
are found. For N=5, w=2nm and s=2nm, the near-field and far-field patterns 
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Figure 3.5.1 The 5 supermodes of a 5 element 
array (w 1«w2«=w3=w4=w5=2/c/m, s=2/ym, Ae-0.144)













































Figure 3.5.2 The 5 far-field patterns 
corresponding to figure 3.5.1(a)— (e)
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single-mode ridges, the to tal number of supermodes is 5. These 
supermodes have a similar form to  that of a multi-mode, single ridge 
guide in tha t the envelope functions of the composite modes are
comparable to  the shape o f the single guide mode functions. The
supermode number is directly related to the number of times the electric
field crosses the x-axis. Furthermore, as the order o f the supermode 
increases, anti-phase electric field components cause destructive 
interference in the far-field, fig.3.5.2. This is consistent with basic
diffraction theory. Since the waveguiding mechanism is real and symmetric, 
the far-field distribution is symmetric about the normal axis (ref. 20).
From the eigenvector distribution, it is clearly seen th a t the 
lowest order supermode has the greatest amount of its field distribution 
within the channel regions. Usually these regions experience the lowest 
gain and /o r the greatest loss and, so, intuition leads one to  conclude th a t 
the lowest order mode will experience the highest modal loss or lowest 
modal gain. On the other hand, the highest order supermode, which has 
the lowest amount of field in to  the channel regions, will experience the 
lowest modal loss/highest modal gain.
3.6 Conclusions.
A method of determining the eigenmode solutions of coupled, 
multiple waveguide structures has been presented. Particular attention has 
been paid to  the multiple coupled ridge waveguide array. The coupling of 
the individual ridges has been investigated and the eigenmodes determined. 
It is found tha t two im portant parameters dictate the performance o f the 
coupled waveguide system - the  coupling constant, x, and the induced 
phase-change, M. These parameters have been evaluated for the case of
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two parallel ridge waveguides as functions of ridge separation and ridge 
width.
The development of the coupled mode equations into a set of 
matrix equations determining the phase-locked behaviour o f coupled arrays 
has been included. The analysis of a S-element array consisting of 5 
identical ridges on a constant pitch has been presented. It is found th a t 5 
phase-locked ’supermodes' can be supported by this structure. However, 
the mode with the lowest modal losses is found to  be the highest order 
mode which exhibits a twin-lobed far-field pattern.
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APENDIX 3.1
The Perturbed Field Equation for N, Parallel, Index-Guided Waveguides.
Consider N, parallel, index-guided waveguides whose respective 
refractive index profiles are shown below. nfc(x) is the refractive index 
profile of guide k , whilst nc(x) is the profile for the composite guide:
V x) f <— >w. n
Dk-l nk nk+l "k+2 n




where wfc is the width of guide k and sfc is the distance
between guides k and k+1.
It is proposed that the to tal field of the guide may be 
approximated by a weighted sum of the fields supported by each guide:
N
E^(x,y,z,t) = ^  {Ak(z).E^(x,y).exp(i[cot-3kz])} 
k=l X
where E^(x,y,z,t) is the x-directed (TE-like) field of the
composite structure at point x, y, z and time t,
E^(x,y) is the x-directed lateral mode of guide k a t point x, y 
with longitudinal propagation constant $k ,
Afc(z) is the weighting coefficient for guide k due to  coupling 
with the other guides, 
and u is the angular frequency of the  EM fields.
If there is no variation in the y direction then d /dy  is zero and the field 




E^(x,z,t) = ^ [ A k(z).E^(x).exp( i[(i)t-3kz ])| ........ (1)
k=l
(In the case of RWGs, the effective index method provides the 
one-dimensional guiding profile).
The method detailed by Yariv Cref.127] is now employed to  
relate the to tal field in the composite guide to  the polarisation caused by 
each component of the field, (Exk(x)). The basis of this analysis is the 
perturbed form of the wave equation which relates the eigenmodes of the
m ulti-elem ent structure to  the individual waveguide modes and the
perturbation on the medium polarisation caused by the individual modes.
The wave equation for the E-field may be w ritten in term s of 
the modes supported by each guide ( as if the guide was in isolation) and
the polarisation due to  the modes supported by the coupled
multiple-elem ent structure.
If we consider a single element guide with dielectric constant 
profile ek(r,t), the electric flux is given by:
Dk (r,t)=  eQE k(jr,t) + £ k(_r,t)
 ( 2)
where 60 E k(x» t) represents the flux in free-space due to  mode E k(.r ,t)  
and P k(jr,t)  is the polarisation of the free-space medium due to  guide 
k and mode E fc(x ,t) :
Pk(l. .t)  = (efc(£,t) -eQ) E k(_r,t)
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In a multi-element structure, the electric flux, D(r,t), may be 
formulated in the same way:
D (r ,t)=  e0 E ^ ( r , t )  + IM r .t )
where Ec ( r , t )  is now the mode of the multi-element structure and—X —
Pc (r.,t)  is given by:
P = (e (r,t) -e  )E c( r , t )—c c — o —x —
The wave equation for the electric field , E, may now be 
expressed as:
P c( r , t )  may be expressed alternatively as:
P (r,t)= P„(r,t)+ P (r,t)—c —O —pert
= ce ( r,t)-e lE c (r,t)
c O x
N
where P^ = 2  ££. (r,t)-8_ ] E°(i\t) is the polarisation induced in the 
—o . .  k— o x k=l
individual waveguides (£k(r,t)) 
in the presence of E^(r,t).
k=N
and P .(r,t) = V  [e (r,t)- e ( r , t ) ]  Ec(x,t)—p e rt—* 4_j C— k — X—'
k=l
The wave equation may now be written in term s of the
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perturbation to  the medium polarisation
v V ( r , t )  -  (i.E(r,t).i E ° (r ,t)  = M  CP
" k -  6aT2 p e r t _  x  (3)
(Subscript x denotes the x-directed  component of the field vector i.e. the 
TE mode)
If there is no variation of the field in the y direction then d/dy
is zero. The modes of the isolated waveguides, as well as the field for the
m ulti-elem ent guide are then solutions of the following reduced wave 
equation:
.Ek(x) + G>2nE,(x).Ek<x) = 0  (4)x k x
where k=l, 2, 3, N and c
By substituting equation (1) into (3) and re- arranging the
result, the perturbation equation yields:
(Ak(z). exp(-i3kz). E d2Ek(x) + (o)2 i^£k(x)- 32).Ek (x) 1 
k dx2*
+ Ek(x).exp(-3 z).[ d2A (z) - i23. d_A,(z) ] ].exp(icot)
X  K  K  K  » K
dz2 dz
= U i2 CP . (x,z,t)3 k=l, 2, 3 ...... N^ 2  pert
2
If A (z) varies slowly with z .then  A1_(z)l>> 1 ^_Afc(z) |# Furtherm ore,note
dz dz2
th a t the expression in the first bracket on the LHS o f the equation is zero 
(as can be shown by substituting Exk(x,z) into the wave equation - 
equation (4)). Upon simplifying the last equation, the following 
perturbed wave equation is obtained:
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N
^  (~i2Bk d Ak(z).E^(x).exp(i[cot-Bkz3) ] = \jl.62 CP e r t(x ,z ,t)]5 
k=l dz X A? PC
 ........ (5)
This equation forms the foundation of the coupled-mode analysis.
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CHAPTER 4
UNIFORM AND NON-UNIFORM RIDGE WAVEGUIDE ARRAYS.
4.1 Introduction.
The last section of chapter 3 presented the eigenmode solutions of 
a S element array based on coupled mode theory. I t was predicted that, 
for the structure shown, the highest order mode has the lowest modal 
loss. Alternatively expressed, the highest order mode requires the lowest 
amount of injected gain to reach its threshold condition. Under uniform 
carrier injection, this infers that the highest order mode will dominate the 
modal behaviour of thae array at and above threshold. Thus, alternative 
array designs are sought to meet the criterion for a single, fundamental 
mode laser array. Firstly, the uniform array of the last chapter is
investigated in greater depth to  account for variations in ridge width, ridge 
separation and numbers of coupled ridges (section 4.2). Various types of 
non-uniform array designs are then presented in section 4.3 - these
illustrate how the array design parameters may be simply adjusted in an 
attem pt to  achieve the required fundamental mode output. However,
fundamental mode operation a t threshold is not the only criterion which
will affect the laser's performance - the stability o f this mode above 
threshold is important. Since the stability of this mode is linked to  its 
uniformity (references IS, 16, 20), then mode uniformity becomes an 
im portant performance criterion and the array designs are assessed by 
considering the combined effects of modal loss and uniformity about 
threshold. The ideal case is one in which the fundamental supermode has 
the lowest modal loss and is uniformly distributed across the array. The
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array designs presented in this section will be shown to  meet some but 
not all of these criteria. Further, since the array theory is a passive guide 
analysis, the effects of injected gain (i.e. carriers) on the lateral dielectric 
profile are not considered. However, to investigate the effects of injected 
carriers on modal gain , the effect of tailoring the injected carrier 
distribution is treated simply. The effects of a non-uniform gain profile 
(and, thus, non-uniform carrier injection) on the gain discrimination 
between supermodes is analysed by changing the value o f the material gain 
beneath the ridge and channel regions (section 4.4). The nett modal gains 
for different lateral gain profiles are calculated.
The conclusions of the chapter are presented in section 4.5.
4.2 Uniform Arrays.
The uniform array is made up of elements o f equal ridge widths and 
equal ridge separations - though the separations are not necessarily the 
same as the widths. For this simple design, the individual, isolated guides 
have identical propagation constants and coupling constants.
Figure 4.2.1(a) shows the variation of the supermode effective 
refractive indices (£/kQ) with increasing ridge width, w, for a uniform 5 
element array. All the ridges are separated by 2[Lm. As w increases, two 
effects are noted - firstly, the supermode effective refractive indices 
increase and, secondly, they draw closer together.
The firs t effect is due to the increasing value of the fundamental 
mode propagation constant of the individual ridges with increasing guide 
strength (see section 2.3) whilst the second effect may be attributed to  
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Figure 4.2.1(a) Variation of the effective 
refractive indices of the supermodes of a 5 
element uniform array as the ridge widths are 
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Figure 4.2.1(b) Variation of the mode loss of the 
supermodes of a 5 element uniform array as the 
ridge widths are changed (w 1 «w~-w.,«w -w^-w, 
s = 2/ym, Ac = 0 .144) Z 5
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ridge modes become more tightly confined (see fig.3.4.2.1). Hence, since the 
splitting of the supermode propagation constants is dependent on the 
coupling constants, x, [ref 45] then the splitting of the supermodes 
decreases as x decreases.
The variation o f the modal loss with w is also explained by the 
increase in mode confinement as w increases. Since the individual ridge 
guide modes are confined more tightly to  the lower loss ridge regions and 
the overlap o f the photon distribution with the higher loss channel regions 
decreases as w increases then the absolute value o f modal loss decreases.
However, note th a t as w increases and x decreases, there is the 
possibility th a t adjacent guides may become decoupled and phase-locking 
o f the array breaks down. This brief discussion does not take into account 
the effects of injected carriers on the lateral dielectric profile. In practice, 
the injected carrier profile will reduce the effective dielectric step height 
of the individual ridges causing the coupling strength between adjacent 
guides to  increase. However, the argument still holds th a t if x gets too 
small then phase-locking conditions break down. A second effect not 
considered, is spatial hole-burning (reference 22). This occurs above 
threshold where high stimulated photon densities deplete the local carrier 
concentration at the intensity maxima. This leads to  a localised increase in 
the effective dielectric constant which ultimately leads to  self-focussing of 
the electric field and a reduction in the coupling constant. If the 
self-focussing effect is very strong other supermodes may begin to  
propagate as higher order supermodes make more effective use o f the gain 
profile or, alternatively, the onset of a higher order mode of the individual 
ridge guide may occur. All of these effects are detrimental to  the required 
output. For the purpose of illustration, it is assumed th a t the guided 
modes are not subject to  self-focussing and the array is assumed to
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operate in phase-locked mode - the coupling of adjacent guides is assumed 
to be sufficient to maintain a coupled output. Furthermore, the 
phase-locked output is assumed to be made up of a composition of the 
individual guide fundamental TE modes.
The near field distribution of the lowest and highest order 
supermodes are shown in figures 4.2.2a and 4.2.2b for w=1.0tim and 
w=3.0|im and fixed separation (s=2.0iim). It is seen tha t the mode profiles 
of the wide ridge array are very similar to those for the narrow ridge 
array. However, the amount of field in the channels differ slightly due to 
the higher ridge confinement factors for the wide ridge array.
The effects of varying the stripe separation, s, and keeping w 
constant in a uniform array are shown in figures 4.2.3a and 4.2.3b. Figure 
4.2.3a displays how the effective refractive indices of the supermodes 
converge for large values of s. This is due to the decreasing value of the 
coupling constant with increasing s which decreases the separation between 
the supermode propagation constants. The effects on the supermode loss 
as s varies are shown in figure 4.2.3b. As previously noted, the higher 
order modes have a lower value of modal loss caused by the smaller 
proportion of light in the higher loss (channel) regions. However, three 
distinct characteristics are now obvious. For large ridge separations, the 
supermode loss approaches a constant value. This is intuitively understood 
by considering a number of free-running ridges which are in-phase or in 
anti-phase to  each other - the amount of field between the ridges remains 
alm ost constant as long as s remains large and the width w does not 
change (the overlap of adjacent guides is so weak th a t the adjacent fields 
hardly interfere with one another). However, this may cause a break-down 
in the phase-locking of the supermode as mentioned earlier.
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Figure 4.2.2(a) The fundamental supermode of a 
5-element uniform array when w=l>t/m and w«*3/ym 
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Figure 4.2.3(b) Variation of the mode loss 
of the supermodes of a 5 element uniform array as 
the separation between the ridges, s, is changed 
( w i=w 2=w 3=w 4=w 5=1 . 5/ym, Ae=0 .144 )
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As the ridge separation decreases the supermode losses diverge as 
the interference effects of the in-phase and anti-phase field components 
increase or decrease the relative proportions of field intensity in the 
channel and guide regions until a maximum in the loss of the lower order 
modes occurs at a separation of about 1.8|im.
Lastly, the absolute value of loss of the lower order modes 
decreases as s reduces further. This is, a t first, surprising since the 
overlap of adjacent guided modes is still increasing as s reduces. However, 
another effect starts to  come into play - the area of the channel region 
reduces uniformly as s decreases. Previously, this has been a secondary 
effect to the increase in the amount of mode overlap with decreasing s. 
Now, however, this reduced area results in a reduction o f the relative 
amount o f field intensity in the channel region and an increased field
contribution to the field immediately under the adjacent guides. The net 
effect is that the mode loss reduces with further reduction of s .
The lowest and highest order eigenmodes corresponding to  two 
separations of l.O i^m and 3.0(im for a ridge width of 1.5nm are shown in 
figure 4.2.4a and 4.2.4b. Once again, the closely coupled array experiences 
the greatest amount of neighbouring field overlap which results in larger 
mode discrimination.
Having effected changes in the ridge width and ridge separation of a 
uniform array, the last design freedom to  consider is the behaviour of the 
array as the number of elements (ridges), n, increases. Figure 4.2.5
illustrate how the mode effective refractive indices and losses change as 
the number of ridges is increased from 2 to  7 (all ridge widths and
separations are held constant a t 2^m). As n increases, the number of 
guided modes supported increases in unison - each extra ridge adds
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another TE mode to  the nett ouput of the coupled array. Furthermore, 
since the coupling constant and propagation constants are not changing, 
the actual values of the eigen matrix elements remains the same - only 
the order of the eigen matrix changes. This means th a t the fi-space 
occupied by the guided modes hardly changes as n increases. Thus, the 
separation of the propagation constants decreases since n is increasing. 
Similarly, the gain discrimination between the supermodes decreases as n 
increases (figure 4.2.5b)
4.3 Non-Uniform Ridge Waveguide Arrays.
Non-uniform ridge waveguide arrays are ones in which the individual 
ridges and /o r channels differ in size. The basis of the designs in this 
section is the requirement to  create a stable, fundamental mode device of 
practical use. As such, the modal loss of the fundamental m ust be lower 
than all higher order modes and, in order th a t the output is stable under 
high power drive conditions, the photon distribution should be as uniform 
as possible to reduce non-linearities in the output due to  spatial 
hole-burning effects. Two types of non-uniform arrays are considered here 
- the firs t is the variable width array (i.e. the ridge widths are chirped 
across the array), the second is the variable separation array (where the 
ridge separations are chirped). Since it is desirable to  produce a uniform 
light intensity distribution, symmetry of the array is maintained about its 
centre.
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4.3.1 Variable Ridge Width Arrays
The first, m ost obvious case to consider is one in which the ridge 
widths are adjusted to  complement the fundamental mode light distribution 
- i.e. the ridges are widest where the light intensity is greatest. This case 
may be considered as tailoring the lateral (real) dielectric guide for 
fundamental mode operation. The lateral guide of the array becomes an 
equivalent o f an effective parabolic guide since the index is greatest a t the 
centre of the guide to  suit the fundamental mode intensity maximum. 
Figure 4.3.1.1 shows how the array behaves as the centre ridge varies in a 5 
element array in which w =w =1.5iim, w2=w4=2.0iim and w3 is varied 
between 2.0 and 3.0ixm. The ridge separations are held constant a t 2.0iim. 
The number o f ridges is arbitrarily set at S to  illustrate the performance 
of this design without using a large array in which there will be many 
modes to  analyse. It is seen th a t as long as w >2.5iim, the fundamental 
mode has the lowest modal loss. However, the field uniformity of this 
mode is poor (see figure 4.3.1.2) - the fundamental mode is alm ost totally 
confined to  the centre element. Note how modes 2 and 4 are independent 
of w . From figure 4.3.1.2, the cause of this is apparent - neither of theseO
modes have significant field distributions beneath the third ridge and, so, 
their characteristics are largely independent o f the dimension of this ridge. 
Figure 4.3.1.3 shows the effects of varying the outer ridge dimensions of 
the array from 1.0 to  2.0iim - th e  fundamental mode has the lowest modal 
loss as long as w. and w are less than 2.0^im wide. This is once again of1 O
secondary importance as the field uniformity is poor with m ost o f the 
fundamental super mode occupying the central element.
In order to  distribute the photon density more evenly across an 
array, an inverse o f the last design is presented in which the guiding 
mechanism is strongest at the outer edges and decreases uniformly
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Figure 4.3.1.1(a) Variation of the effective 
refractive index of the supermodes of a 5 
element, A-chirped array as changes.
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Figure 4.3.1.1(b) Variation of the mode loss of 
the supermodes of a 5 element, A-chirped array as 
w.. changes. (w 1 =w,-*l. 5/vm, w-»w„«2.0/ym, S“ 2/vm,























































































o o o o o o o o o  c o o o o o o o o





O O O O O O G O  O O O O O O O O O












































Figure 4.3.1.3(a) Variation of the effective 
refractive index of the supermodes of a 5 
element, A-chirped array as and change. 
(w^-2 . 5/i/m, w 2“W^-2 . 0/vm, s-2/ym, Ae-0.I44)
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Figure 4.3.1.3(b) Variation of the mode loss of 
the supermodes of a 5 element, A-chirped array as 
and Wr change. (w^*=2 . 5/wm, W2“W^=2 . 0/vm, s=2//m, 
Ae=0.1447
towards the centre. Figures 4.3.1.4 and 4.3.1.6 show how this array behaves 
for the case where w =w =2.Sum, w =w =2.0|im and w =l.S i^m. Variations of
I S  2 4 3
this array due to variations of w and w , w are shown. It is seen thatO 1 O
the fundamental and first order modes are almost indistinguishable in 
term s of the effective refractive index and modal loss. Figure 4.3.1.6 
illustrates the cause of this - the fundamental and first order modes are 
alm ost identical to each other - the only difference between them being 
the phase difference occurring beneath guide 3. Since the field beneath 
guide 3 is negligible, the net overlap of the modes is practically identical 
for the fundamental and first order modes causing the effective refractive 
indices and mode losses to be indistinguishable on the scale shown in both 
cases. Furthermore, the absence of any field contribution beneath guide 3 
for these modes eliminates their dependence on the width of this guide.
4.3.2 Variable Ridge Separation Arrays.
An equivalent way of achieving mode control is by adjusting the 
strength of the coupling between adjacent guides by altering the separation 
of the guides. Figures 4.3.2.1 and 4.3.2.4 show how variable spacing arrays 
achieve mode control. However, notice that in all cases the fundamental 
mode has the highest modal loss - the cause of this is tha t changing the 
separation of the guides changes the mode overlap parameters slightly 
whereas the effects of changing ridge width are tw o-fold. Firstly, there is 
a variation in the individual ridge propagation constants and, secondly, 
there is a change in the coupling constants. Both of these alter the 
original eigenmatrix. The la tter effects have a much more pronounced 
effect on the supermode properties. In all cases, the effects of changing 
the separation will change both the coupling constant and the mode 













Figure 4.3.1.4(a) Variation of the effective 
refractive index of the supermodes of a 5 
element, V-chirped array as w 3 changes.
(w^=w^=2 . 5//m, W 2=w^ = 2 . 0/ym, s=2/ym, Ae=0.144)
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Figure 4.3.1.4(b) Variation of the mode loss of 
the supermodes of a 5 element, V-chirped array as 
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Figure 4.3.1.5(a) Variation of the effective 
refractive index of the supermodes of a 5 
element, V-chirped array as w 1 and change. 
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Figure 4.3.1.5(b) Variation of the mode loss of 
the supermodes of a 5 element, V-chirped array as 
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Figure 4.3.1.6 Near field pattern of a 5-element array in which 
w n- W c - 2 . 5|/m, w,«w.«2.0*/m and w,«1.5*/m for a fixed separation , s, 
of 2 . 0 f j m
second order (n«3)
remain fixed. Figure 4.3.2.1 shows the effects of having the strongest 
coupling (smallest separation) at the centre of the S-element array. 
Likewise, figure 4.3.2.2 shows the inverse of this design where x is 
strongest a t the array edges. These designs are analogous to  the earlier 
attem pts to  tailor the propagation constants (ridge widths) to  suit the 
required intensity profile. However, the effects o f these changes are 
significantly smaller than the previous case - changes in x due to 
variations in separation, s, are orders of magnitude smaller than those 
effected by changes in the ridge propagation constants due to  variations of 
the ridge widths, w. Most importantly, note that, w ithout exception, the 
higher order modes have the lowest modal loss - the opposite to the 
desired result.
4.3.3 High Uniform-Intensity Arrays.
Apart from the non-uniform arrays presented above, other non-uniform 
arrays have been proposed. Perhaps the m ost significant o f these is a 
perturbed form of the uniform array in which the outer ridge widths of a 
uniform array are adjusted to improve the uniformity of the light 
distribution [ref. 15, 16]. Consider the 5-element array in which all 
separations are 2^m and w =w =w =2^m. The effects o f changing w., w_z 3 4 1 o
are shown in figure 4.3.3.1 where the uniformity factor and modal loss of 
the supermodes are plotted as the dependent variables. (The uniformity 
factor is a guide to  the linearity of the supermode and is defined by 
HE l} ). It is seen that, as predicted by Buus, a highly 
uniform fundamental mode can be produced by tailoring w. and w .1 O
However, a slight intolerance on these dimensions may cause the array to  
propagate an equally uniform, anti-phase, highest order mode. Secondly,
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Figure 4.3.2.1(a) Variation of the effective 
refractive index of the supermodes of a 5 
element, variable separation array as s2 and s^ 









Figure 4.3.2.1(b) Variation of the mode loss of 
the supermodes of a 5 element, variable 
separation array as s? and s^ change. (w=2/tym, 
s1 = s4 = l . 5/jm, Ae=0.144j
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Figure 4.3.2.2(b) Variation of the mode loss of 
the supermodes of a 5 element, variable 
separation array as s, and s. change. (w=2/vm, 
S2=S2=1 • 5//m, Ae=0.144j
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Figure 4.3.3.1(a) Variation of the uniformity, h 
of the supermodes in a 5-element, non-uniform
array in which the outer RWG widths, w.=w 
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Figure 4.3.3.1(b) Variation of the mode loss of 
the supermodes in a 5-element, non-uniform array 
in which the outer RWG widths, w 1=w5 , are 
changed. (w2=W2=w4 = 2>tvm, s*=2//m, Ae=0.144)
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the modal loss of the fundamental mode when the array is designed to 
support this uniform distribution is still greater than the loss o f the other 
higher order modes - this results in higher order mode operation. Thus, it 
is seen th a t the solution is not as suitable as appears at first. If, instead 
of strengthening the guiding mechanism at the edges of the guide, the 
guide strength at the centre of the array is changed, the results shown in 
figure 4.3.3.2 are obtained. The fundamental and higher order modes have 
uniformity maxima at about 1.8nm and 2.2\im but, yet again the higher 
order modes have lower values of modal loss. For the purpose of 
completeness, the uniformity and modal loss are plotted in figure 4.3.3.3 
as functions of the separations, Sj and s^. This array design produces a 
reasonably uniform light distribution but, also, preferentially supports the 
higher order modes.
4.4 Tailoring the Gain in a Waveguide Array.
Apart from changing the simple physical dimensions of the array, 
another form of introducing mode control is by altering the contact stripe 
currents whereby the lateral gain profile is tailored to  enhance the desired 
mode. This section presents a simplified approach to  this design method. 
The introduction of gain is accounted for by altering the values of the 
material loss constants for the ridge and channel regions - i.e. the 
complex dielectric constant. The nett modal loss is then calculated as 
normal (via the matrix eigenvalue equation).
Table 4.4.1 shows values of modal gain in a uniform 5-element array 
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of the supermodes in a 5-element, non-uniform 
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s.,=s4 , is changed. (w. =w~=w-.=w.=wc-=2/vm,
S2=S3 = 2//m, Ae = 0 .144 )
o 2^00
2600  J 1 1 1----------------------------1 1 . 5  2.  2 . 5
separation of outer ridges, s^-s^ (microns)
Figure 4.3.3.3(b) Variation of the mode loss of 
the supermodes in a 5-element, non-uniform array 
in which the separation of the outer RWG's, 




TAILORING THE GAIN IN A UNIFORM ARRAY




R1 R2 R3 R4 R5 G1 G2 G3 G4 G5
-25 -25 -25 -25 -25 -28 -27.8 -27.4 -27.1 -26.7
15 25 35 25 15 13.62 9.06 11.52 11.91 19.29
35 25 15 25 35 10.49 17.08 17.65 20.72 16.26
35 15 35 15 35 12.01 12.67 22 .93  16.73 17.83
TABLE 4.4.2 
TAILORING THE GAIN IN A HIGH UNIFORMITY 
INTENSITY ARRAY




R1 R2 R3 R4 R5 G1 G2 G3 G4 G5
-25 -25 -25 -25 -25 -27.9 -27.6 -27.3 -27.1 -26.8
15 25 35 25 15 10.8 7 .87 13.82 13.73 20.44
35 25 15 25 35 13.81 19.8 16.54 18.86 14.91
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modal gain can be changed by adjusting the lateral gain profile via 
controlling the current injection, the higher order modes remain the least 
lossy. Table 4.4.2 shows the mode discrimination obtained in the uniform 
intensity array of Buus as the lateral gain profile is changed. Without 
considering the complications tha t a non-uniform, lateral gain profile 
causes on the real guiding mechanism, it is seen th a t the fundamental 
mode still has a higher value of modal loss than other modes.
4.5 Conclusions
Supermodes of uniform and non-uniform structures have been predicted. 
Similarity between the supermode envelope and the individual waveguide 
modes exist for uniform arrays. Non-uniform arrays are shown to  be 
capable of supporting highly uniform intensity distributions. However, in 
all cases, the fundamental supermode appears to  have the highest loss 




ALTERNATIVE LASER ARRAY DESIGNS - THE ANGLED 
FACET LASER ARRAY AND LASER ARRAY WITH MODE 
FILTER.
5.1 Introduction.
Chapter 4 has shown the limitations of the uniform and 
non-uniform laser arrays. The problems of achieving stable, fundamental 
mode operation with the power emitted in a single, narrow, far-field lobe 
are appreciable. One method proposed to solve the problem of highest 
order mode propagation is to  introduce phase-changes beneath the guides. 
The highest order mode then undergoes a 180° phase-shift beneath 
alternate stripes which converts it into an equivalent of the fundamental
mode. Various methods of achieving this have been investigated [ref 40, 68
]. One o f these is the angled-facet laser where either the stripes are 
etched a t an angle to  the cleaved facets or the facet is etched a t an 
incline to  the crystal planes. The effect of this is th a t each stripe has a 
slightly different optical path length such tha t the additional path caused 
by the inclined facet introduces an extra phase-change in the mode 
supported by tha t stripe.
Section 5.2 looks a t the derivation of the round-trip conditions 
for the angled-facet laser array using a matrix method developed by Chen 
and Wang [20 3. The method involves breaking down the array into three 
distinct regions - the uniform length of the laser (not including the
angled-facets) and the angled regions a t each facet One simplification
introduced into this analysis is to  model the angled-facet as a set of 
discrete steps. A matrix-formulation for the threshold condition is then
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derived which yields values for the complex modal propagation constants 
and, hence, the modal gains and emitted wavelengths. However, a different 
form for the modal gain is used in this thesis which ultimately leads to  a 
simple eigenvalue equation.
Section 5.3 looks at the analytic solutions to  the matrix 
threshold equation for two simple cases. The first is the basic laser 
structure where the facets are perpendicular to  the axis of the  laser. The 
second has one facet perpendicular and the other one angled to  the axis 
of the laser such that a 180° phase-shift is induced in the modes 
supported by alternate stripes. These examples provide a guide to  the two 
extremes of the performance of the array. It will be seen th a t the second 
case yields a set o f degenerate modes which all lase a t the same 
wavelength and have the same modal gain.
Section S.4 looks at the general performance of the angled-facet 
laser. It is shown tha t the threshold equation can be simplified such th a t 
the two angled-facets can be replaced in the model by one effective facet 
reflectivity with the other one assumed perpendicular. The values of 
injected gain and emitted wavelength are computed for various angles on 
the facets.
The simple angled facet laser array may be considered as a 
structure in which supermode selection may be elided by suitable design of 
a phase-correction mechanism. A second method of selecting supermodes 
is presented in section 5.5 where an integral filter is included in the array 
design. This takes the form of a broad area ridge connected to  the end of 
an evanescently-coupled array. The structure will be referred to  as a Laser 
Array with Mode Filter. The monolithic structure acts as a linear array 
with an in-line mode filter - the broad area ridge acts as a discriminator 
between various array and broad area modes. The wave overlap between
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the supermodes and broad area modes is calculated for a simple structure. 
It will be shown tha t the discrimination between various supermode 
threshold conditions can be improved enhancing the stability of these 
modes. However, the application of the technique has its limitations - 
notably the dimension of the broad area region m ust be minimised to 
prevent filamentary oscillation leading to  the collapse of the 
mode-selection mechanism. Various array designs are investigated.
Lastly, section 5.6 draws together the main conclusions of the
chapter.
S.2 Angled-Facet Laser Arrays and The Threshold Condition.
Consider the laser array shown in fig. 5.2.1. The cavity is broken 
down into three regions - numbered I, II and III. In region II, the array is 
assumed to  be phase-locked and the eigenvalues/eigenvectors given by Cref. 
201 :
0 * = P0 + 2 x co s(fc t/tN + l]) j=l,2,...N ........ (S.2.1)
Ek = ■/2/(N+l) .sln(jkn/[N+l]) j=l,2...,N, k=l,2,...N ....... (S.2.2)
3q = free-space propagation constant 
x = coupling constant 
and 30 , x are real.




Region I Region II Region
a) Angled Facet Laser Array
0
Length, I
Is) Angled Facet Laser Array - Simplified Model
Figure 5.2.1 Schematic Diagram of the Angled Facet Laser Array
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The three regions of the laser are modelled according to the 
modes supported by its guides - the angled-facet regions are assumed to 
support locally the fundamental TE mode with propagation constant 0Q 
whilst the bulk of the laser, region II, supports the supermodes.
The effect of the angled-facets is tha t the supermodes of region
II undergo a partial phase change defined by the extra optical path in each
guide caused by the angle of the facets. The result of this is that the
supermodes couple to one another and the array will contain a weighted
distribution of supermodes. Denote afc as the weighting coefficient for
supermode k. Thus, at any point in region II, the field present will be &, a
column vector with elements a, .k
When the modes enter region III, the guides are modelled as a 
set of independent, uncoupled stripes supporting a mode with propagation 
constant p . If the amplitudes of the fields in each stripe are the elements 
of the column vector b, then:
b  = T a
where the elements T^  k of matrix T are the amplitudes (eigenvectors) in 
stripe j for supermode k (E^k from above). The alternative process of
finding the vector 21 from the field b is to multiply both sides of the
above equation by the inverse of T. However, it can be shown th a t T  = T.
a =  T b
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The threshold equation is now derived for an N-stripe array with 
two angled facets.
At point z=0 (fig. 5.2.1a), the supermode distribution can be 
represented by the column matrix 3. This field propagates towards region
III. Each supermode, has a characteristic, complex propagation constant 3k
/\
such that:
Pk= o k- ig k  (5.2.3)
( gk is the mode field gain of supermode k - ok, gfc are real).
At point z=L, the to tal field is P 3 where P is a diagonal matrix 
with leading diagonal elements exp(i3k L) and all other elements are zero.
At this z=L, the supermodes are converted to  the uncoupled 
mode representation to  model the propagation of the stripe-modes through 
region III. The uncoupled field a t point z=L is T P 3. This propagates 
through region III. If Mj represents propagation across this region to the
facet then the field at the facet is Mt T P 3 where M1 is a diagonal
matrix with leading diagonal elements exp(i3Qlj) - 1^ is the length of
stripe j in region III. (1^  is dependent on the angle of the facet, &in  as 
will be shown later). All other elements are zero.
The facet is assumed to  take a step form to  simplify the
analysis. The reflection of the field at the facet is then given by the value 
of field reflectivity, r, for normal incidence. On returning to  point z=L, the 
uncoupled field is given by: r Mj T P 3.
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The field is now converted to  coupled-mode form by multiplying 
by the inverse of T.
The effects of propagation of the fields back along the cavity 
and through region I, returning to  the starting point yields the following 
threshold equation:
r* T " ’ M2 T P T _‘ M a T P a = a  <s.2.«
where the original field has been reconstructed after one 
round-trip.
Consider now the value of the complex propagation constant,
A
0 , given by equation (5.2.3). The two components of this are the real 
propagation constant, ok, and a gain term, gfc. This la tte r term does not 
include the effects due to  end-losses - it is the effective material gain 
minus the losses associated with both the material (bulk losses e.g. 
absorption) and the ridge structure (e.g. scattering) .The dependence of o k 
on 0Q is given in (5.2.1). The value of the gain term  may be expressed in 
the following way :
8k = 80 - lossfc/2   (S.2.Sa)
loss = f r k a , + (l-rk ).«„}  (5.2.5b)k I str 1 str  2 J
Tk is the relative amount o f field confined to  the stripe
str
regions for supermode k (see section 2.4). 
a and a are the optical (power) loss fac to rs  for the stripe1 sL
and inter-stripe regions respectively and the factor 2 accounts 
for the conversion from power to  field gain,
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gQ is an effective gain term representing the nett gain necessary 
beneath each channel to achieve the threshold condition.
Note tha t this form for the gain is different to  th a t proposed in 
(20) where the gain experienced by the supermodes is assumed to  be 
linearly dependent on the mode number k (gk <xgQ.k). However, this is 
corrected for above by accounting for the actual supermode losses in the 
bracketed term of (5.2.Sb).
Since the values of a„, a„, x, N and T are known, the only
1 2  str  J
unknown variables are gQ and • The la tter parameter is present in both 
the M and P matrices.
To solve the equation as it stands is, numerically, complicated. 
The unknown values include modal gains, propagtion constants and 
phase-changes. To eliminate the dependence of the phase-changes on the 
value o f the propagation constants, the phase changes are specified 
beforehand and the actual facet angle required to  produce these phase 
delays may be calculated last according to  the matrix eigenvalue solutions. 
Hence, when evaluating the equation for an angled facet array, the 
matrices M assume a leading diagonal with term s exp(i[j$]), j is the 
stripe-num ber - where the effect of the angled-facet is introduced into 
the equations through the phase change j£. This is incorporated easily into 
the model since the phase-delay between each stripe can be directly 
specified as an input parameter. Thus, if the facet is made such th a t each 
stripe was assumed to  be tc/ 2 rads out of phase with its  neighbour, then 
■&=7t/2 etc. Using this form for the phase delay allows the matrix equation 
to  be solved easily since the term s invoving f3Ql in the matrices M can be
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replaced by the phase terms j$. Hence, 0O will be present in the matrix P
only. Once a set of solutions are obtained, the corresponding angle on the 
facet can be derived.
Using the above simplifications, the value exp(iC0'o-igo]2L) can 
be isolated from the threshold condition which gives an eigenvalue 
equation of the form:
leading diagonal with elements exp(i[2xcos{kTc/ll> -i(lossk}) 
and y = r2.exp(i[0o-ig ()]2L).
This gives a standard eigenvalue equation o f the form:
S.3 Solutions of the Eigenvalue Equation for Two Special Cases.
Two design cases are now presented to  investigate the behaviour 
o f the array model in the extreme case of normal facets and then a 180° 
induced phase change to  the propagating modes.
t T’X t  P' T ' ! M2 T P '  a = a (5.2.8)
where P' is the modified form of P and contains a
(5.2.9)
T
where A is the product of the matrix term s in (5.2.8) 
and I is the unit matrix of order NxN.
88
5.3.1 Both Facets Perpendicular.
The first case to be considered is when both facets are 
perpendicular to  the plane of the active later. This is the m ost commonly 
encountered form for a semiconductor laser etalon.
Using equation (5.2.4) for the case where 0=0rads, then the 
threshold equation yields 10 solutions for the threshold condition given by:
r2 F^a = a ........... (5.3.1.1)
Each value of gain, gQ, is given by: 
g .  = i i n L  + r *  <x. + ( l - r*  hoc,O r str 1 str 2
k=l to  10
and each value o f f3Q yields solutions of: 
o k L= q7t where q is an integer
a n d o k is given by equation
The resu lt demonstrates that in the simple case of normal facets, the 
equations reduce to  the mode threshold conditions.
5.3.2 One Facet Perpendicular, the O ther Angled to  Induce it Phase-Shift.
The purpose of this design is to  introduce a n phase-shift on 
alternate stripes. Intuitively, this should convert the highest order, 
anti-phase mode into an equivalent, in-phase lowest order mode. One 
might suspect th a t this wouid result in an em itted field of the 





The starting point is equation (5.2.6). The angle on facet 1 is 0° 
and so Mj is equ ivalent to  a unit matrix. The eigenvalue equation can be 
simplified to:
r P' T M 2 T P* a = a  (5.3.2.1)
M2 may be represented by a diagonal matrix with the leading diagonal 
given by (-!)■*, due to  the x phase-shift on alternative stripes and all other 
elements being zero. The effect of the matrix multiplication T ' ’ M2 T is 
shown in Appendix 1 of this chapter.
The eigenvalue equation may now be w ritten as:
0 0 0 0 0 0 0 0 0 el
0 0 0 0 0 0 0 0 e2 0
0 0 0 0 0 0 0 e3 0 0
0 0 0 0 0 0 e4 0 0 0
0 0 0 0 0 es 0 0 0 0
0 0 0 0 e6 0 0 0 0 0
0 0 0 e7 0 0 0 0 0 0
0 0 e8 0 0 0 0 0 0 0
0 e9 0 0 0 0 0 0 0 0
oo 0 0 0 0 0 0 0 0
where e^ = r  exp( iC2xcos{j*n:/ll> - i .loss^])
The solution o f the above equation requires th a t the determinant 
of y  D - I = 0 where D is the expanded matrix above and I is the unit 
matrix. Hence, solutions are obtained when :
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-1 0 0 0 0 0 0 0 0 yet
0 -1 0 0 0 0 0 0 ye2 0
0 0 -1 0 0 0 0 re3 0 0
0 0 0 -1 0 0 Ye4 0 0 0
0 0 0 0 -1 yeS° 0 0 0
0 0 0 0 ye6 -1 0 0 0 0
0 0 0 re7 0 0 -1 0 0 0
0 0 Yea 0 0 0 0 -1 0 0
0 ye9 0 0 0 0 0 0 -1 0
oo 0 0 0 0 0 0 0 -1
which gives a multiple root a t one value of gQ and XQ. Hence all the 
modes are degenerate with the same wavelength and the same threshold 
gain.
5.4 Varying the Phase Between Adjacent Emitters.
Figure 5.4.1 shows the modal gains and lasing wavelengths as 
the relative phase between adjacent em itters is increased linearly from 0° 
to  180° (tc radians) induced phase-change. It is seen that, as expected, the 
supermodes are discrete a t 0° induced phase-change, w hilst a t 180° 
induced phase-change the modes are degenerate (as predicted in section 
5.3). Note how the supermodes converge smoothly on the degenerate sta te  
with the highest order mode requiring the lowest threshold gain. The 
relative amplitudes (the eigenvectors of the eigenvalue equation) of each 
supermode are shown in Table 5.4.1 for various relative phase-changes. The 
weightings are dominated by the real component in the complex values. 
However, it is not obvious th a t all the modes would actually be present
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ANGLED FACET ARRAY 




2 5 9 0
2 5 8 0
25 75
90 100 110 120 130 140 150 160 170 180
induced phase change (degrees)
Figure 5.4.1 Variation of the Modal L oss of the 
E igenvectors of a 5 Elem ent Array (3um ridges 
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P h a se-C h a n g e  at the Angled Facet
ANGLED FACET ARRAY
31.00 - n«5 w -1 .5um  s -1 .5 u m





E 2850 - Y o'O
<5 2800 - / Nv ----
3 /
C  27.50 /  ^
(0 /O ) 27.00 -
(0
"D 26^0  -
^  26.00
^ ' ' " h i g h e s t  order mode
25.50 -
------1------1------ 1------ 1 | f t )  I 1 t | | f ( | | |25p0 ■
3 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 100
induced phase change (degrees)
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TABLE 5.4.1
SUPERMODE WEIGHTING COEFFICIENTS FOR THE LOWEST LOSS 
MODE COMBINATION OF AN ANGLED FACET ARRAY AS A FUNCTION 
OF INDUCED PHASE-CHANGE
PHASE-CHANGE PHASE-CHANGE PHASE-CHANGE
0 deg.s 45 deg.s 90 deg.s
SUPERMODE
WEIGHTING LOWEST LOSS LOWEST LOSS LOWEST LOSS
FACTORS 26.82 cm 26.99 cm 27.00 cm
1 O+iO 0.1+10.01 0 .1 1+i0.01
2 O+iO 0.2+i0.01 0.22+i0.01
3 O+iO 0.36+i0.01 0.31+i0.01
4 0+i0 0.29+i0.01 0.38+i0.01
5 O+iO 0.41 +i0.01 0.42+i0.01
6 O+iO 0.43+i0 0.43+i0
7 O+iO 0.41 -i0.01 0.40-i0.01
8 O+iO 0.36-i0.01 0.34-i0.01
9 O+iO 0.26-i0.01 0.24-i0.01
10 1+iO 0.14-i0.01 0.13-i0.01
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since no account of the active nature of the array has been taken.
As the strength of coupling increases and the separation of 
mode gains increases, a more subtle variation between the supermode 
effective threshold gains is observed as the angle of the facet is varied. 
Figure S.4.2 shows a number of crossover points between various modes 
for a S element array. However, it is not entirely unexpected since there is 
a phase relationship between the eigenvectors of all supermodes. For 
example, if one considers the fundamental and first-o rder mode, as the 
phase-delay induced by the angled facet increases, there comes a point 
when the eigenvector components beneath stripes 2, 3, 4 and S are 
dramatically reduced or inverted. If the relative phase between adjacent 
em itters was approximately 30°, stripe 1 remains unaffected (as it is the 
reference point), stripe 2 is phase shifted by 30° (cos(30°)=0.87), stripe 3 
by 60° (cos(60°) =0.5) and stripe 4 by 90°. Stripe 5 is then ’’partially” 
inverted - phase-shifted by 120°. It is a t this point th a t the first order 
mode eigenvector mode distribution is always positive and the fundamental 
mode has a negative component. In effect, the two modes reverse their 
order, thus explaining the crossover points of the modes. A similar 
relationship exists between the other supermodes.
5.5 Laser Array with Mode Filter.
The usefulness of the above array is limited since the 
zero-order mode is not preferentially excited and the practicalities of 
controlling the angle of the stripes relative to  the facet (in order to  
control the phase between adjacent emitters) are questionable. Hence, an
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alternative array design is proposed in which an evanescently-coupled array 
is "attached" to  a broad area structure. The la tte r will support many 
modes depending upon its guide strength. The action of the broad area 
structure is then to  select supermodes by the action of coupling between 
the broad area modes and the supermodes.
A diagram of the structure is given in Figure 5.S.I. The number 
of evanescently-coupled elements can be adjusted to  suit the to tal width 
of the broad area guide, W. By adjusting the widths of the coupled guides, 
their spacing and their numbers, mode selection may be affected.
kConsider the eigenvectors of the array structure, denoted . 
Denote the modes of the broad area guide, ¥  . The coupling of the two 
wave functions may be written as:
*lk = I J E^T, dr I2
l / H ^ d r l 2 l / ^ d r l 2
where r  is the position vector of a point. By substituting for 1=1 to  n (the 
number of elements) and remembering th a t both guides are the same in 
the vertical plane, the above equation may be expressed as:
j=n 2
xlfc = V  I J Ek ¥, dx I  (S.S.1)
L  | / E k dx|2 | J  Y, dx|2 
j=l ’
Plots of the coupling coefficient for various array designs are shown in 
figure S.5.X Note th a t the coupling coefficient is dependent on the shape 




Ridge Array Region Broad Area Region
Figure 5.5.1 Laser Array With Mode Filter - Broad 
Area Mode Filter Attached to Multi-Element 
Ridge Array
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Figure 5.5.2a COUPLING COEFFICIENTS OF 3 ELEMENT ARRAY 
(3x1.5um RIDGES SEPARATED BY 3.75um)
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shape of the supermode and, hence, directly influence the coupling 
coefficient. It is especially interesting to note tha t for the symmetric laser 
array (all guides of equal widths), the highest order mode is coupled m ost 
strongly to  one o f the broad arera modes; however, in all cases except the 
symmetric case, there are at least two mode combinations with similar 
coupling values. The selection of the propagating mode will then be 
decided by the overlap o f the mode pairs with the gain profile.
S.5.1 The Threshold Condition for the LAMF Structure.
The round-trip condition for the LAMF structure may be derived 
in a similar manner to  th a t for the angled-facet laser array. By starting at 
point z=0 with a supermode weighting function, a and multiplying by the 
propagation and coupling matrices to obtain the round-trip journey, the 
threshold may be found by solving:
P1K1P2R1P2 K2 P1Ri a = a  5.5.2
where Pj is the power gain (per cm) through region 1,
?2 is the power gain (per cm) through region 2,
Kj is the coupling of supermodes into slab modes,
K2 is the coupling of slab modes into supermodes,
Rj is the power reflection coefficient of facet 1 
and is the power reflection coefficient o f facet 2.
have the same value, R, and P2 is assumed to  be beNow R. and R2
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independently controlled via a separate contact to  induce whatever gain is 
required.
In order to  prevent filamentary oscillation, it is necessary to  
keep the width of the broad area to a minimum. Since the same epitaxial 
(transverse) structure is continuous throughout the monolithic device and 
the same etch-depths are assumed for both the ridge and broad-area 
regions, the lateral effective index step is the same for the two different 
regions. Assuming a broad area width of 12^m and three identical ridges of 
1.5(im in the structure separated by 3.7Snm, the modal gains are given 
(Table 5.5.1.1) with the broad area region pumped to  transparency. The 
mode with the lowest threshold gain is found to  be the fundamental order 
supermode and the second order (n=3) broad area mode with a required 
threshold gain of 16.84cm-1 (not including end-losses).
Further examples of this laser design are given in figures 5.5.1.1 and 5.5.1.2. 
for a two element and three element array atttached to  a 9nm broad area 
laser.. For these structures, the difference between the mode sets is not 
so clear as the coupling of the supermodes and broad area is not so 
discriminating.
5.6 Conclusions
Two models of laser arrays have been presented which are based 
upon phase-locked laser arrays with an extra mode filter. In the first case, 
the mode filter was a phase adjuster in the form o f an angled facet. The 
concept o f the design was to take a uniform laser array and convert the
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TABLE 5.5.1.1 
THRESHOLD MODAL GAINS FOR A 12um BROAD 
AREA STRUCTURE COUPLED TO A 3 RIDGE ARRAY 




BROAD AREA MODE NUMBER 
2 3 4 5 
MODAL GAINS (per cm)
6
1 45.42 HIGH 16.84 HIGH 62.70 HIGH
2 HIGH 60.30 HIGH 56.33 HIGH 91.28
3 117.40 HIGH 36.69 HIGH 151.00 HIGH
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highest order mode (which has the lowest threshold gain) into the 
zero-order mode by transforming its phase by 180°. However, it was found 
that the laser becomes degenerate when a 180° phase-change is induced at 
the laser facets.
The second model derived, was based upon the use o f an in-line 
mode filter; this takes the form of a broad area guide on the end of the 
phase-locked array. By coupling from the array into the broad area 
structure, and back again, modes can be strengthened or discriminated 
against. However, in order to  do this it is necessary to  exercise care when 
selecting the width of the broad area structure as this section can break 
down into non-coherent filaments. The model predicts th a t the zero order 
mode might be stable if the array parameters are chosen carefully. 
However, small perturbations in the array can result in competing pairs of 
modes being generated as the discrimination between them becomes small.
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APPENDIX 1.
Simplification of the Matrix Threshold Condition for an Array Where One 
Facet Induces a II Phase-Shift on Alternate Stripes.
The matrix threshold condition is given by:
T f ^ T  P' f ! M22 T P '  a = a  (7.®
where y is the eigenvalue to be found.
Since one facet is perpendicular, say facet 1, then is the unit 
matrix. Furthermore, since facet 2 is inclined a t an angle such th a t 
alternate stripes have associated with them a tu phase-shift, then M2 has a 
single, leading diagonal with elements (-1)1+*, j is the row number. Equation 
(7.8) can now be replaced by:
r P ’ T * M 2 T P ’ a = a .........(A.2.1)
where use has been made of T T = I.
It should now be remembered that T and its inverse are equal and th a t
they have elements
T = ■/2/(N+l) . sin(jkji/IN+l])  (7.2)
Hence, it can be shown that T t = (-1)^+1 T WT ant the productj , k  j , N + l - k
of T , M2 and T is:
N  N
m = l  m = l
but, using the above identity, T = (-l)m+1 T . Hence:0  J m , k  m , N + l - k
Now, due to the orthogonality of the eigenvectors, m  Tm k = 8^  k
where the summation is carried out over m=l to N and 8 is the Kronecker 
Delta function. Hence, if the summation o f T  T WT . , is carried out theJ , m  m , N + l - k
result is th a t the orthogonality changes to;
j j N + 1- kB
J*
and equation (A.2.1) becomes:
0 0 0 0 0 0 0 0 0 e l
0 0 0 0 0 0 0 0 e 2 0
0 0 0 0 0 0 0 e 3 0 0
0 0 0 0 0 0 e 4 0 0 0
0 0 0 0 0 es 0 0 0 0
0 0 0 0 e6 0 0 0 0 0
0 0 0 e7 0 0 0 0 0 0
0 0 e 8 0 0 0 0 0 0 0
0 e9 0 0 0 0 0 0 0 0
e 0 10 0 0 0 0 0 0 0 0
2where e= r  exp( i[2xcos{j7t/ll} - i .loss^])
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CHAPTER 6
CURRENT TAILORING IN PHASE-LOCKED ARRAYS OF 
SEMICONDUCTOR LASERS WITH SEPARATE CONTACTS.
6.1 Introduction.
The previous chapters have been concerned with analysing the modal 
behaviour of phase-locked, multi-element ridge waveguide laser arrays. Two 
types of arrays have been discussed - those which are uniform along the 
axis of light propagation and those which have longitudinal variations in 
the laser structure. These analyses have considered the array behaviour in 
term s of the modal gains required for threshold and mode stability.
This chapter digresses from the eigenmode analyses and investigates 
the performance of a waveguide laser array under carrier injection. The 
type of laser considered is one in which each ridge guide has an isolated 
electrical contact (ref 11,18, 52). As such, each element can be individually 
controlled to  effect the output modal characteristics.
The results of the analysis are tha t the individual drive currents can 
be calculated for specified modal output powers.
The method presented is an extension of th a t proposed by Kapon, 
Katz and Yariv (ref 53). The array laser is broken up into a number of 
discretised elements such tha t conservation equations can be written in 
term s of averaged carrier densities and averaged photon densities in each 
of the array’s elements (Section 6.2). The conservation equations are then 
used to  derive a condition in which either the photon output is maximised
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for a specified lateral current distribution or, alternatively, the lateral gain 
distribution (and, hence, the carrier distribution) is minimised for a 
specified photon output distribution. The first case is inverted to  derive 
minimum current requirements for a specified photon output. In both 
cases, the modal output power can be set and the required drive currents 
calculated for a specified output power distribution (Section 6.3). Section 
6.4 presents examples of the analyses and compares the two methods. The 
averaged carrier densities can then be converted into an approximate 
spatial carrier distribution using an analytic function for the carrier 
distribution of a single ridge (which includes the hole carrier diffusion 
constant). Carrier-induced dielectric constant changes are then derived 
(Section 6.5).
The conclusions of the chapter are presented in Section 6.6.
6.2 The Steady-State Conservation Equations For the Laser Array.
An element of th e  phase-locked array is depicted schematically 
below. The ridge widths are denoted by w4 and ridge separations are s4- 
The array is broken up into a number of discretised elements of width 
centred on ridge i, such th a t r=w+0.5(s +s j):
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i-1




If the array is assumed to operate with a very narrow spectral 
width or in a single longitudinal mode, the carrier and photon density 
equations may be written in the following simple form - if longitudinal 
variation of the photon density and carrier diffusion are ignored (after ref
53):
dNi(x1Ji) = J,(x,y) 1-(N (x,yt) N  jS /x ^ )  - Ni( x ty|) ......... (6.2.1)
dt qd Ts
— i(V i ) = * ( Ni(xi’yi)-rNL ) V Xi’yi ) P - V Xi,yi) ......... (6.2.2)dt ph
where N (x ,y ) is the free-carrier density at point (x^y ^  in element i
Jt(X| ,yj ) is the injected current density at that point,
S((Xi ,yj ) is the photon density at that point,
Nq is the carrier density for transparency, 
q is the electronic charge, 
d is the thickness o f  the active region, 
a is the gain coefficient,
t s is the spontaneous lifetime (or free-carrier lifetime) which, 
for simplicity, is assumed to be constant above threshold, 
(i.e. bimolecular recombination is accounted for by a 
constant term)
t L is the photon lifetime in the array due to internal andph
1 0 7
mirror losses such that:
1 = c / n . ( r  . a ,  . +(l - r  ^ ) a . +1 ln( 1) )  v ridge, ridge ridge, channel of D~D /
Tph • x * 1 2
A
c = speed of light in vacuum, 
n=effective index of array
T = lateral confinement of field to  ridge iridge.
a  n  + o o
= ^ J lE (x ) l2dx /J lE (x ) l2dx
1=1 wi
aridge= ph°ton *oss beneath ridge due to 
scattering and absorption.
^channel= P h°t°n *oss in channel regions
due to  scattering and absorption.
1 i J l
of length L and with end reflectivities
2 r In( in r )  = m r^ror l°sses from the laser resonator
Rj and R2
and, 3 represents the fraction of spontaneous power coupled into 
the lasing mode.
By considering steady-state solutions of equations 6.2.1 and 6.2.2 and 
ignoring the amount of spontaneous power coupled into the lasing mode 
(after ref S3 , then
dN^x.y) =JJj(x,y) - ‘2f(N1(x,y)-No )S1(x,y) - N4(x,y) = 0  (6.2.3)
dt qd ^s
dS(x,y) = a(N(x,y)-N )S (x,y) - S/x,y) = 0  (6.2.4)
d t1 °  1 xph *
where the i-subscripts of x and y are implicitly assumed.
By integrating the above equations from y t = - o o  to  + c o  and x^O to
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Xi=ri’ is» t i^e w*dth of the i-th  element), the steady-state equations
become:
+00
— +F r ! c J J  N(x,y) dx.dyJi .(w4d) - J J g^x.ylS^x.y) .dx.dy ~ _ro 0 = 0
qcT -00 o
and +oo r
f  f 1 ( \ a  a / /  S (x.y)dx.dyI g.(x,y)o.(x,y) .dx.dy - - J  J  1 = 0
« /  « /  1  1  — C D  O
-0 0  o Iph4
where Jt is the average injected current density in the active region 
beneath the ridge waveguide:
+00 Tj
Jt V d  J7  J,(x,y) dx.dy
* - c o  O
and g^x.y ) represents the injected gain term in the i-th element: 
gj(x,y ) = a (N4(x ,y ) - n J
+ g o  r
Now J  f  gjlx.yjS^x.y) .dx.dy can be approximated by averaged values of
—00 o
gain and photon density
+oo r,
J j  g1(x,y)S1(x,y) .dx.dy = g jS ^ d  = g ^  T Y
— G O  O
where gt is the effective (average) gain over the i-th element
S t is the effective (average) photon density over the i-th  element
r i
r_ is the lateral confinement factor of the optical field to the
r  +00
i-th element = J S ^x ld x / J* S^xldx
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r  is the transverse (vertical) confinement factor of the optical
d +ao
field to the active region = J* St(y)dy/ J* S^yldy
O  —oo
and Y represents the number of photons emitted per unit length of 
the array
+oo
By letting J  f  N^x.y) dx.dy = r4d, Nt representing an average carrier
~co O
density in the active region o f the i-th  element, the steady-state 
conservation equations become
L .  -  g i r r,rv Y  - N . r ,  = o 
qd w,d x w1 S I
and g . r  r  T - r  y  = 01 r4 v _rj_
Xph;
which may be alternatively expressed as:
Jl * i -  g S -  5  = 0   (6.2.5)
( V x  H v * " 0  (6-26)
P
— r  r  ¥where S = r« v and x = T x .
1 ~ —  P: v Phtr^d ^ a
Equations 6.2.5 and 6.2.6 represent the behaviour of the i- th  element 
acting as if it was in electrical and optical isolation from all o ther guides. 
However, in the case o f phase-locked arrays, the mode structure is 
composed of contributions from all elements -  the photon densities o f the 
elements are not independent but coupled together to  form th e  supermode 
output. On the other hand, the individual electrical contacts on the ridges
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of a separate-contact, multi-element, ridge array are to  a large extent 
independent - the main conducting path lies through the cladding and 
active layers (a distance of l.S^m away from the contact) and the region 
between the ridges (the channels) is a non-conducting medium. Thus, one 
may consider the photon rate equation as consisting of the summation of 
the products of all elemental photon powers and gains - the nett 
supermode gain can be approximated by a discrete summation of the modal 
gain of each element within the array for a given supermode; the carrier 
equations for each element remain independent since coupling of the 
carriers is not considered. The nett photon conservation equation is then, 
from 6.2.6:
Equations 6.2.5 and 6.2.7 are the simplified equations for 
steady-state operation of the phase-locked array. They differ from those 
proposed by Kapon, Katz and Yariv since they include parameters 
dependent on the array geometry. Ref 53 considers different elemental 
optical densities but does not include the element and ridge widths (r and
Wj). This fact is not significant when considering 6.2.5 since the current
J w Jdensity term _J * may be replaced by an effective value _J_. Equation
qd r  qd
6.2.7, on the other hand, includes the term r within the summation. This 
equation simplifies to  the form proposed in ref 53 only when the array is 
uniform. Thus, the improved equations proposed here differ in the results 
derived for non-uniform ( e.g. chirped) arrays.




Before attem pting to derive solutions to  the steadv-state eauations.
I l l





p = n n (6.3.5)om
A
Equations 6.2.5. and 6.2.7 now become:
i=l,2,3 n (6.3.6)
n
2  ( ( n r n on. , ) - , ) s i r J = 0
i=l
(6.3.7)
where all common constants have been eliminated.
The above sets of equations, representing the behaviour of an 
n-element array, have 3n variables (n of n, , n o f n , and n of s j .  In
1 oi 1
order to solve these equations it is necessary to  eliminate one of the 
variable sets and introduce a constraint such tha t a method of 
maxi/minimisation can be used to  reduce the resultant equation set to  
include only one dependent variable set and one independent variable set 
which may be arbitrarily specified. Two methods are presented here for 
comparison - the firs t is based on the method proposed by Kapon, Katz 
and Yariv (ref 53) and extended by Buckley and Shore (ref 10, 11) which 
involves the maximisation of the output power for a specified lateral 
current distribution. This process is then inverted to  deduce the element 
currents for a specified mode and output power. The second method is
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similar to  the first in tha t the mode and output power are specified whilst 
the new constraint is th a t the lateral gain distribution will distribute itself 
to  minimise the to tal number of carriers. In this way the required drive 
conditions for a given modal output is minimised. Once again the individual 
drive currents are found for a given lateral photon distribution - the la tter 
is an extension of the first method and is its firs t documentation.
6.3.1 Method 1 - Maximising the Photon Output.
Considering an array in which the lateral current profile (i.e. the 
ridge currents) is specified. It is proposed th a t the to ta l light output will 
be maximised for the given current input in which case the supported 
modes will be weighted to maximise the overlap with the injected gain 
distribution. The total light output is represented in normalised form by 
the function F:
This equation demonstrates th a t F is representative of the to tal output 
power since all other parameters except T are constants. Now, for given 
values of nQl (the normalised parameter representing the current density 
term s J^, the values of s4 need to  be determined. Equations 6.3.6, 6.3.7 and





the values for s :
n - ( n - n  )s  -n , = 0 i=l,2,3...... ,n  (6.3.6)oi 1 om. i i1 \
2  ( (ni ' nom.) ' 1) sIri = ° ............................................... ....... (6 3 J)
i=l A
n
F = 2 s (rt .............(6.3.1.1)
1=1
As mentioned above, function F needs to be maximised subject to  the
constraints implied by equations 6.3.6 and 6.3.7. The method of Lagrange
multipliers is used to  maximise F. A function, G is defined in the
following way:
G = 2 X ri + x £  ( (v nom.) ' 1) si ri ...... (6-3 1 -2)
1=1 1=1
where X is the Lagrange multiplier.
Since the required variables are s4 and n , 6.3.7 is re-w ritten :
2 ( ^ W -  1 ) ^  = 0
1 = 1  1 +  S ,
where use has been made o f 6.3.6. Noting th a t an<  ^ substituting
*
in the last equation:
2  (_E l - l ) s  r  = 0 ......(6.3.1.3)
1=1 1+s.
where p4 is the new independent variable. Using 6.3.1.3 in 6.3.1.2, the 
function G can be written as:
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G = S s,ri * x H  ( p ~ -  0 s , r,1=1 1=1 l+si
Since the term multiplied by X is zero, maximising function F is the same 
as maximising G. To find the corresponding stationary points o f G as s4 
changes, the differential of G with respect to  s4 needs to  be set to  zero:
#  = r  + Xr(_E«_ - l )  = 0 ......(6.3.1.4)
“ i 1 1 (1+s)2
In order to  ascertain whether or not the corresponding value o f G is a 
maximum, the second differential with respect to  s4 is also determined:
T7T? = -2Xr p.
(l+s()3
Since r  , p4 and &l are all positive, then the second differential is less than 
zero and G is a maximum if X>0. Returning to  equation 6.3.1.4, s4 can be 
derived in term s of X and p :
 6 '3 1 '5
or s t = C -fp - 1 ......6.3.1.6
where C = i/S
Using this formula for s4 in 6.3.1.3, C can be obtained in term s o f the 
known variables p . A fter simplification:
1  + C = 2 (p ,+ l) r ,
S r ,Vp,
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Solving the above equation for C yields:
c  =2 Z T H  (  Z (p >+1,r' + ] /  ( 2 ( p*+ ,)r. )2 - 4 ( Z r i ^ ) 2 ) .........
where the positive root has been taken to  maximise C. The above equation 
may be clarified by re-writing it as:
C = Z tP j+ D r, + 1 /  /  Z ( P, +1 ) r, \ 2 - 1
2 Z r , ^  '2Z r,V p, 1
Since pt>0, then (p1+ l)> /p 1 and S  ( + 1 )  rt > 1. Thus, C > 0 and G is a
SrjVpjmaximum. 1 1
When an array is uniform, all r  's are the same and equations 6.3.3.6 
and 6.3.1.7 reduce to  the form proposed in ref 10,11. The important result 
derived here is th a t the photon output of the i-th  element o f a laser array 
can be determined by considering the individual normalised drive currents, 
nQi, and the array geometry.
6.3.2 Maximised Photon Output Calculations..
Table 6.3.2.1 details the power distribution in an array as a function 
o f individual drive currents. The current distribution is chosen to  be 
uniform so th a t a simple, single contact array can be modelled. The drive 
currents are increased from 20mA to  SOmA and the lateral light output 
distribution calculated. It is seen that, for a uniform input, the maximised 
output distribution is uniform (as predicted by equation 6.3.1.6). The 
individual element powers increase linearly from 2.7mW to  13.4mW as the
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drive in each element increases from 20mA to  50mA. Furthermore note 
th a t as the normalised power density goes towards zero (the threshold 
condition), the normalised current densities converge on 1/C (i.e. a
constant) and all current and carrier densities are the same.
TABLE 6.3.2.1
OUTPUT POWERS FOR A 5-ELEMENT. UNIFORM ARRAY 
ARRAY WITH 2urn RIDGES ON A 4um PITCH WITH A 
UNIFORM CURRENT PROFILE INPUT
V W V 1.
(mA)
Power in 1st, 5th
Element, P = P 
(mW)
Power in 2nd, 4th





20 2.74 2.74 2.74
30 6.26 6.26 6.26
40 9.84 9.84 9.84
50 13.43 13.43 13.43
Now, the photon powers can be converted into supermode weighting 
factors relating to  the relative proportion of each supermode present in 
the to tal output. If the power in the i-th  element is and the amount of
supermode k present is afc then:
n
In matrix term s $= Tel, where $  represents an nxl matrix o f elements 
r  is an nxn matrix o f confinement factors and d is the column matrix of 
supermode weighting factors. By inverting T, cl may be found:
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Since the values of $  and I1^  are known, then the supermode weighting 
factors can be derived. Table 6.3.2.2 shows the different weighting factors 
associated with different lateral current profiles. It is seen th a t weighting 
factors are both negative and positive. However, a negative weighting 
factor for photons is clearly not realisable in practice. Thus, these 
solutions cannot be supported by the array. An alternative to  the approach 
o f Katz et al. is needed to  remove the anomaly. W hat is needed instead is 
to  calculate the nett modal gains corresponding to  a specified current 
profile and determine the dominant mode a t threshold. The mode which 
then lases is then the one with the highest ne tt gain. Table 6.3.2.3 shows 
the normalised gain of each mode for various current profiles. In each 
case, the mode with the highest gain will lase above threshold for tha t 
specified current profile - if the array lases in a single supermode
TABLE 6.3.2.2
OUTPUT POWERS AND NORMALISED SUPERMODE WEIGHTING 
FACTORS FOR A S ELEMENT UNIFORM ARRAY WITH 2urn RIDGES 
ON A 4nm PITCH WITH VARYING CURRENT PROFILES BUT THE 
TOTAL INPUT CURRENT STAYING CONSTANT
Stripe Currents 
(mA)




h *2 *3 !4 pi P2 P3 P4 ps ai a2 a3 a4 a5
30 30 30 30 30 6.3 6.3 6.3 6.3 6.3 -0.98 0.60 0.01 -0.62 1.00
22 32 42 32 22 4.5 6.9 8.7 6.9 4.5 -0.99 0.61 0.01 -0.64 1.00
38 28 18 28 38 8.1 6.1 3.2 6.1 8.1 -0.98 0.59 0.01 -0.62 1.00
Note: The normalised supermode weighting factor is defined by the ratio
o f the actual weighting factor to  the modulus o f the maximum 
weighting factor
TABLE 6.3.2.3
NORMALISED GAIN DISTRIBUTION FOR SUPERMODES 




!2 •a *4 h p, P2 P3 P4 ps
30 30 30 30 30 0.98 0.97 0.95 0.98 1
22 32 42 32 22 0.98 0.95 0.95 0.96 1
38 28 18 28 38 0.98 0.98 0.98 0.99 1
6.3.3 Calculating the Required Current for a Given Supermode Power 
Distribution.
By inverting equation 6.3.1.5, the individual drive currents for a given 
photon distribution a t the output can be found; th a t is, by specifying a 
supermode distribution for a given power output, the s4’s are calculated 
and the p4's can be found:
pl = (1+sl)2 ......... (6.3.3.1 )
Using this equation in 6.3.1.3 yields:
E ( « +s. ) A  - 1 K r i = 0
i=i
where A = (X-l)/X.
n




and pf = (1+s,)2 S s ,r ,  /  S (l+si)siri 
i=l i=l
..(6.3.3.2)
This equation relates the currents required to  support a given output 
power distribution. For a pure supermode to  be supported, 6.3.3.2 m ust be 
solved for the required mode and output power. The resulting currents can 
then be substituted back into 6.3.1.6 and the lateral power distribution 
checked for single-mode stability. When considering threshold operation 
Sj-X) and 6.3.3.2 gives pt->l. Alternatively, if s » l ,  p —> s4 2  .
Plots of the drive currents required to support the pure modes of a 
5-element, uniform array with ridge widths of 2nm and ridge separations 
o f 2iim are shown in fig.6.3.3.1 whilst the table beneath the graph shows 
the drive currents required for threshold and lOOmW output corresponding 
to  the graphs. Since the discrimination between the modes is so low, the 
drive current values for each mode are alm ost identical. The individual
drive currents versus output powers in each element are also shown in
figs. 6.3.3.2 Due to  symmetry, only elements 1, 2 and 3 are displayed in the 
la tte r graphs since the output of elements 5 and 4 are the same as those 
for elements 1 and 2 respectively. From the graphs, the following points 
are noted:
(i) the drive current required for lOOmW of mode 3 is lower than all 
other modes. This is in agreement with the normalised equations since, 
after denormalisation, it is found that, for an output power o f lOOmW, then:
Ep r % 4.46xl0 '4 ( 1 + 13,4x10 3 )
1 1 s r 2
n
Now, Z ? .  is sm allest for the mode with the lowest number of 
ri
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TOTAL LIGHT OUTPUT v e r s u s  TOTAL DRIVE CURRENT 
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Figure 6 .3 .3 .2  Drive Currents of Each Ridge Laser C orresponding to the C haracteristics Show n  
in Figure 6.3 .3 .1  - Corresponding to Method 6 .3 .2
eigenvectors - mode 3; this then requires the lowest drive current for a 
given output power.
(ii) the total threshold current decreases as the order o f the mode 
increases since higher order modes experience lower modal losses.
(iii) some stripes exhibit a decrease in their drive currents for 
increasing to tal ouput .power. This anomaly is o ffset by the fact th a t the 
'’missing" drive current is diverted to stripes where the mode confinement 
is highest.
If the carrier densities are computed corresponding to  these drive 
currents, then, from 6.3. .6:
„ _ n +n s t p,n. -  oi om i -  i + n
'  ~ l + i j "  o m
Therefore,
n n
n = n + ( 1 +s.) y V r  /  V (1 + sJs .r  i om i Z-j i i / Z-j i l l
1=1 1=1
By replacing the normalised parameters with their principle values then:
ax  r  T
1 ( 1 + aTs V rt ty )
Ni = No + T T h ~ ^ d ~   <6-3*3-3 >
2  ( 1 + a Tsr vr rt y  ) T 
r i d
since ^  Tr  = 1 and S4 = *v*rt Y
Equation 6.3.3.3 shows tha t is not clamped a t its threshold value as is 
frequently observed in single element lasers, but depends on the output 
power via Y. This is a feature o f the method used here - for low powers
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(T— >0), n ->l+n - the carrier density a t threshold is constant across thei om * J
array and independent of i. As Y increases, then the carriers are to  be 
injected to  optimise the modal gain (i.e. where the mode confinement to  
the ridge is highest). Figure 6.3.3.3 dem onstrates this variation for the 
uniform array of fig.6.3.1.1. From 6.3.3.9, as s. ->0, m ->nw+l w hilst for 
s .» l ,  n —>n +sJZs1r1 /E s f r  .This la tte r equation can be shown to  bei 1 om * i i i ' i 1c
independent of T.
r  / r «n = n + -J i-
i om *I 2 > r / r .
If r ri—>0 then ni“>nom as the output power increases. This corresponds to  
a decrease in the carrier density in the i-th  element if the mode 
confinement is low and approaching zero. In order to  optimise the modal 
gain, the carriers are then injected where the mode confinement is tightest
_  2
- if r  / r > £  T / r ,  then the carrier density will increase as ¥  increases. rl l r, i
This behaviour is not typical o f single element lasers where gain saturation 
and carrier clamping a t the threshold value occurs for low power densities. 
Figure 6.3.3.3 displays this non-uniform variation o f the denormalised 
carrier density, N , as the output power o f each element increases. It 
should be borne in mind th a t both sets of graphs represent the current or 
carrier density for given modal outputs. In practice if the current predicted 
by 6.3.3.3 was injected into the array, the firs t supermode to  lase would be 
the one which had the best modal overlap with this injected carrier 
distribution. This may not necessarily be the same supermode used initially 
in the calculation of the stripe currents. For example if one considers the 
current distributions required to  excite the fundamental and highest order 
supermodes, it is obvious th a t the current corresponding to  threshold for 
the fundamental mode is capable o f stimulating the highest order 
supermode to  operate above threshold since the higher order mode requires
124
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Figure 6 .3 .3 .3  Carrier D ensities of Each Ridge Laser C orresponding to the C haracteristics  
Show n in Figure 6 .3.3.1 - C orresponding to Method 6 .3 .2
a similar envelope of current but lower absolute values.
Due to  the uncharacteristic nature of the variation of the carrier 
density, as the output power is increased, an alternative physical 
quantity for optimisation is considered in the next section in order to  gain 
insight into the array's behaviour.
6.3.4 Method 2 - Minimising the Lateral Gain Distribution.
Since the previous equations predict anomalous behaviour in the 
laser array, an alternative representation is sought to  analyse the behaviour 
of a laser array under current injection. An initial attem pt was made by 
considering the maximisation of the lateral modal gain as a function of 
injected carrier concentration. However, this yielded trivial solutions. Thus, 
instead, it is proposed tha t another way of expressing the maximisation of 
the lateral gain and achieving non-trivial solutions is to  maximise the 
square of the gain. The lateral gain profile is related to  2 ^ ni~nom^ri* 
However, if one was to  consider maxima of this function with respect to  
changes in n , it is apparent th a t nt can be large and negative such th a t 
the nett modal gain constraint may be satisfied whilst the overall carrier 
concentration (S n ^ )  is low. However, large negative values of n4 are not 
considered since one is modelling a laser under forward or zero bias. Thus, 
to  correct this, the function to  be minimised is redefined as 
2 ( ( n1-nom)r1)2 - in this way all values of n^ including negative ones have 
a positive contribution to  the function. Thus, a maximum value o f the 
function may be found and all values of n{ can be defined as positive 
simply by taking the positive square root.
Using 6.3.7, a new function, G, is defined:
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G = y*( (n -n  )r )2 + n TYn -n  ~ O s«ri  (6.3.4.1)i om 1/ Z_i\ i om / i 1
i=l i=l
where ii is the new Lagrange multiplier.
A minimum of G occurs when dG/dn^O:
—  = 2 (n -n  ) r 2 + [is r  = 0V i om/ i ^ 1 idn.
=> n = n -   (6.3.4.2)i om — 
i
Substituting this in 6.3.7 gives an equation for \jli 
u = -2 2 s ir,
whence n, = n __+ -5* ^ s iri  (6.3.4.3)
r.1 om r. Y
and d = (1+s &  W i  ........ (6.3.4.4)
* r.
Once again, by re-writing the normalised parameters in their denormalised 
form, it is found that:
N = N + r r, r r ,  (6.3.4.S)I om
V  2 ( V ' . ) 2
It is im portant to  note th a t is now independent o f whilst the 
normalised current density, pt contains a linear dependence on V:
. a t  r  r  ,»\ r  1  (6.3.4.6)
Figures 6.3.4.1 and 6.3.4.2 illustrate the variation of the currents and 
carrier densities as the output power is increased. Note now the linear
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Figure 6.3.4.3 Carrier Densities of Each Ridge Laser Corresponding to the Characteristics
Shown in Figure 6.3.4.1 - Corresponding to Method 6.3.4
increase in output with drive current of each element and the "clamping" 
of the carrier distribution at its threshold value. However, as with the 1s t 
method, supermode 3 still requires the least amount of drive current to 
reach lOOmW output per facet.
6.4 Comparison of Methods One and Two.
The results obtained using the analyses of sections 6.3.2 and 6.3 .*h 
are now compared directly. Figures 6.4.1(a)-(e) reveal a slight difference 
between the L/I characteristics for the individual stripes using the 
different methods. In order to  explain this observation it is necessary to  
investigate the variation in carrier density as a function of drive current 
(figures 6.4.2(a)-(e)). As mentioned earlier, method 1 does not predict the 
clamping of the carrier density at its threshold value as is common in 
single element lasers. However, as the drive current is increased the 
carrier densities of method 1 assymptotically approach the values of
method 2. However, to  achieve this, the carrier density in some stripes
reduces whilst in others it increases. This manifests itself as a reduction
in the drive current of one stripe despite the increase in the overall to tal 
output power. In all cases, since method 2 proposes the maximisation of 
the overlap of the photon distribution with the lateral gain profile, it is 
anticipated th a t this method will predict lower drive currents fo r a given 
mode output power. Figure 6.4.3 presents the  difference between the to ta l 
drive currents calculated by methods 1 and 2 as a function o f increasing 
output power. The difference in drive currents is small but m ost
noticeable at threshold - mode 3 exhibits the greatest difference in 
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the function 2 , it is not unexpected th a t this mode displays
the greatest difference in drive currents.
6.S The Uniform Intensity Array.
The uniform intensity array was first proposed by Buus (ref. IS ,16) . It 
consists of an array in which all elements are the same except the two 
outer ones - these two are more strongly coupled to  their neighbours. The 
effect of this is th a t the field distribution is "pulled out" to  form a 
uniform distribution. This array was discussed briefly in section 4.3.3 in 
term s o f the overall mode structure and mode gain. Here, the L/I 
characteristics and carrier density variations are computed as a function of 
increasing total output power for the "Buus" array.
Figure 6.5.1 shows the variation of the to tal drive current versus 
to tal output power using the two methods o f section 6.3. Method 1 
predicts tha t all modes have (approximately) the same threshold current 
whilst method 2 predicts th a t the lowest order mode requires the highest 
drive current for threshold. On further investigation, it is seen th a t the 
variation of carrier density is similar to tha t o f the  uniform element arrays 
- the carrier densities of method 1 approach those o f method 2 as the 
to ta l output power increases (figure 6.5.2). However, it is apparent th a t the 
fundamental mode requires lower carrier densities in the end elements. 
This is cause for concern if one is to  consider the effects of 
carrier-induced dielectric constant changes and spatial ldel>urn»Aj -th e  
nonuniform variation of carrier density across the array will lead to  a 
nonuniform (active) dielectric constant profile, which, in turn, will cause 
the array to  propagate a nonuniform mode intensity. This is explained in
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the next section.
6.6 Carrier-Induced Dielectric Constant Changes.
So far, the laser array has been dealt with passively despite the 
calculation of carrier concentrations and current densities. The effects of 
free-carriers on the array performance have only been modelled in terms 
of their effects on the lateral gain profile. In order th a t one may 
investigate the effects of carriers on the lateral dielectric constant profile 
(caused by the plasma effect and the dependence between the real and 
imaginary components of the complex dielectric constant via the Kramers
<1+ . 4
Kronig relationship), this section investigates the effects of the individual 
element carrier densities on the coupled mode performance. The modes are 
computed for a passive array and then the threshold condition is used to  
calculate the element carrier densities. The new lateral dielectric constant 
profile is computed and an iteration procedure begins. Stable solutions are 
sought.
Before considering the array’s behaviour, consider a single ridge 
laser under uniform carrier injection with current density -J
Jl(x)
0>-> x
An analytic form for the carrier density has been derived (ref 119):
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N (x) = N (l -i O '
cosh( Ixl /L  J
exp(w /2L d )
d ) beneath ridge (over v/J
= N sinh (w /2Ld )e x p (--^ -) outside ridge.





✓ S s i i f  \ s.f----1-----> >1\ 7 \  / w LJ V l "i i+i
ridge i-1 ridge i ridge i+1
0
t->x
K— °i-i — ____ _ 1±1
Let the approximate carrier densities in each region be:
Nc h isJx) = N1+, sinh(^i± ! ) ex p ( lx ° ‘+1' )
1 21d  d
+ N s in h (^ i_  ) exp ( - )
aild NRWGt(x) = Nl* 1 "
cosh(lxl/L )
e x p (w /2 L d)
+ N1_1sinh(w l ] /2Ld )ex p (- I x + o ^ l / L , )
+ N1+1sinh(wM /2 Ld )e x p (-  lx -o l+Jl /L d )
where :
Nc h n  (x) denotes the carrier density at point x beneath channel i, 
N _ „ „  (x) denotes the carrier density at point x beneath ridge i,KWvjj
N is the carrier density amplitude beneath ridge i-1,
Ni+1 is the carrier density amplitude beneath ridge i+1,
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Nt is the carrier density amplitude beneath ridge i, 
w4 j is the width of ridge i-1,
w j is the width o f ridge i+1,
wt is the width of ridge i,
o j is the distance between the centre of ridges i and i-1,
o j is the distance between the centre of ridges i and i+1,
and Ld is the diffusion length of holes in n-type material (as the laser 
structure is assumed to  be grown on an n-type substrate).
An approximate expression for the carrier density in the ridge and channel 
regions may now be obtained using the above equations as long as the 
injected carrier amplitudes are known.
t
Let the average value o f (x) and N__TVT (x) be denoted byKWCjj LiiNj
Nr w g  and ^ CHN respectively. Then:
+Wj/ 2
NRWG = w i* NRWG ^ dx*
1 i - w / 2  1
W /  2 + S4
RCHN( = J  J NCHN,<X)dX-
i W /  2 1
Using the previous equations, the above expressions become:
. L d \  . / wt - 1  \  , K   ^ ( s i_ i + w . _ i / 2  +W ./2
I —  I sinh I 2sinh - r f  exp-'RWGj 'l-i V wt J V 2Ld ) \ ZLJI r  \  Ld
2 Ld sinh ( wt/2Ld ) 1
exP(w/2LdJ J
/Ld \ ( wl+1 \ fw \ ( s. +w1+1/2  +w./2 \
N. 4 ^ M  2 ^  j 2sinh (~2 LJ exP ‘ >
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NCHN = Ld (l ” exp (si ^ d  ) ) (  N1+iSmh(w,+1/2Ld) exp(w l+1/2Ld )
+ N( sinh (wj/2Ld ) exp ( w( /  2Ld ) J
Thus, average values of carrier density for the channel and ridge regions 
may be computed if Nj, N and N are known. However, these have not 
yet been calculated - instead, the average values of carrier density over 
the whole element width, r^ may be found using the method of section
6.3.. These are denoted Nt and may be linked to  the values of Nc h n  
and as follows.RWCij
Denote the gain corresponding to  and as g_.,.,_, andRWG, . . CHN. RWU
Let the average values of photon densities over the channel and ridge 
regions be denoted by S respectively - these may be derived
C H N j RWCxj
from the eigenvector distributions directly.
8rw g
8c h r  = a n ( Nchnt, ~ No )






' rw/ 2- sl-l
gCHN ® RWG 7 s' J S*X*dX'1-1  1-1 1-1 _ w ^/ 2
If the gain corresponding to  Nj is g4 , then
i .  " ( R, - No)
and w ./2 +s./2
f ‘ 'Sj r{ = J g(x) S(x) dx.
-w1/ 2 - s 1 / 2
8rw g  Srw g  wi + 8c h n  Sc h n  s i- / 2i i i-1 1-1
+ 8c h n  Sch n  w/ 2i 1
Now> define the following parameters
= k T  r s  /L d w ,RWGj Wj v to t i
S-XKI = k r  F , /L d S lCHN( Sj v to t i
= k r  r s  / Lds tCHNj j s i-l v to t i_l
and S = k r  r  S t / L d ri r i v tot 1
where k is a constant
Thus,
o r  % g r  + g r  / 2  + g r  / 28l rj ®RWG( wj 8CHNH  sH  bCHNj s t
Substituting for the values of N ,, , N___v. and N_,„VT and
1 rvAwCij L H I N j  L H N j  ^
simplifying:
n  t  = n  w  r  + *  r  /2  + r  ni  R W G j  C H N j  j  s  ^ C H N ^  s f
Now N , T , T , r  and T are known. If the following parameters
1 ri wi s i-i si
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are defined:
a, = —1 ( , - exP(-s,-,/Ld))sinh(TT )
i-1 d
a = —d ( l - e x p ( - s  /L  j j s i n h ^ )
i-1 d
91 w  w
b, - r - ^ T  slnh( 1 1 3) sinh( 2L ) exp ( ' (^ +V i  > 'Ld )
i d d
bi = W ( w. - 2Ld eXp( ' i . ) Slnh( S  ) )
i a d
2L w w
V i = ~^r sinh( ^ ) sinh( 2L ) e*p (-<^ + V /Ld)
i d d
°t = T d ( 1_exp("s i /L d *) slnh( 2 i r )
Si d
c,+l = —d ( l - e x p ( - s / L d )) s i n h ^ 1 )
i d
whence:
r N = r ( b  .NT + b N + b N. )1 \ i-1 i-1 i i i+1 i+1 /
+ r v / 2 ( V i N.-i + a. N. )
+ r s, ' 2 M  + c,+. v , )
In matrix form, the above equation becomes:
\ 0 “11 “12 & A
• = a21 “22 “23 •
0 •
r N 0 a ‘ • a — nn-1 nn N_ _ n_ _ n_
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where a = r  b + I JJ w j
2
2
Since all a ’s and N^s are known, the Nj’s can be determined using
N = ot-1 J  N
where all underscored values denote matrices of the respective variables. 
Thus, since the average values of carrier density in each element can be 
found, the average values o f carrier density in the ridge and channel 
regions can be determined. The effective dielectric values of the channel 
and ridge regions can now be modified to  accommodate carrier-induced 
dielectric changes. The effective dielectric value of a m ulti-layer dielectric 
slab waveguide under carrier injection is now given by:
C — C r  VT d 6
R W G a c t  ^ " RW Gj v  RW G , rfN
£ c H N a c t l  =  EC H N ,  '  r v N C H N ,  d N  
where denotes the effective dielectric beneath the i-th  ridge under
and dE. denotes the change in dielectric with free carrier density.
The solution of the eigenmodes of a semiconductor laser array under
carrier injection




carrier injection is now simply an iterative process. The eigenmodes o f the 
passive modes of the array are found for the required drive level. The 
desired mode is then selected for the iterative procedure. The 
corresponding carrier distribution for the selected mode is then calculated 
and the new lateral effective dielectric profile is used to  re-calculate the 
modes under the drive conditions. This process is repeated until the 
eigenmode solution repeats itself. If the eigenmode solution is not 
self-stabilising, the mode is deemed to  be unstable.
Using this method, iterated mode solutions are found. Figure 6.6.1 shows 
the iterated solutions for a S element, uniform array with 3tim ridges on a
6iim pitch with an assumed carrier diffusion length of 1.5iim and dn/dN  =
—10 —3 ‘ .* y10 cm . Two solutions are presented for comparison - the first is the
result of seven iterations, the second the resu lt o f 20 iterations. It is seen
th a t fundamental, firs t and second order modes establish stable solutions,
whilst the two highest order modes do not. This is in contrast to  the
self-stabilising mode scenario proposed by Thompson and Whiteaway (ref.
100). However, it should be remembered th a t this iteration procedure
assumes the presence of the starting mode only and looks for
self-stabilisation of th a t  mode; the model o f Thompson and Whiteaway
looks for the highest gain mode for each iteration. Thus, the model
proposed here is useful for looking for self-consistency of a particular
mode and does not generate consistent solutions for a given carrier
profile. In this way the conditions for, say, the fundamental mode to  be
stable are identified. From figures 6.6.1(a) to  6.6.1(e), it is seen th a t large
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Figure 6.6.1 Eigenvector Distribution Before and After Considering the  
Effects of Carrier-Induced Dielectric C h an ges  - the Uniform Array
Another array of special in terest is the uniform 'Buus' array. The iterated 
solutions for all modes of a 5-element and the fundamental and highest 
order mode of a 10-element, uniform-intensity array are given in figures 
6.6.2 and 6.6.3. Once again, it is seen from figure 6.6.2 th a t the first three 
modes appear to  be self-stabilising whilst the highest order modes are not 
- the same is true o f the 10-element array. Also observe how non-uniform 
the eigenvectors become -  in the case o f the  5-element array, the 
distributions are similar to  those obtained for the uniform array; the weak 
lateral guiding o f the outer ridges is swamped by the effect of 
carrier-induced dielectric changes. In all cases, it is seen th a t the mode 
profiles are greatly affected by the dielectric perturbation caused by carrier 
injection demonstarting th a t the arrays cannot be treated  effectively by a 
passive-component mode.
6.7 Conclusions
This chapter has presented a number o f models o f an active laser 
array accounting for the interacrtions of carriers and photons. In this way 
threshold and drive conditions have been calculated fo r given output 
powers. The basic model of Katz, Kapon, M argalitand Yariv (ref, 53) has 
been used and expanded upon to  provide a laser model capable of 
accounting for the behaviour of non-uniform array structures. In the last 
section, the m ost favourable of these models was linked into a simple 
self-consistent model to  account for changes in the dielectric constant as 
a result o f the perturbation caused by carrier injection. It was 
dem onstrated th a t passive models of laser arrays may be very inaccurate - 
the mode profiles obtained by the self-consistent model were very 
different from the* passive' predictions. As a result, when designing laser
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Figure 6 .6 .2  Eigenvector Distribution Before and After Considering the Effects of 
Carrier-Induced Dielectric C h an ges  - the High Uniformity Intensity Array
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CHAPTER 7
CONCLUSIONS
The requirement for high power, single-mode laser arrays has led to the 
development of phase-locked laser arrays. These structures rely upon the 
single-mode stability of individual structures to be coupled together to 
form coherent, high power, single-mode output. Early structures consisting 
of multi-element em itters operated incoherently, the output being the 
incoherent sum of the individual emitters. Later devices utilised 
increasingly complex coupling schemes - starting with 
evanescently-coupled, uniform arrays, progressing onto chirped arrays and 
developing onto anti-guided arrays.
This thesis has concentrated on the design of a multiple ridge waveguide 
laser array for high power, single mode output. Starting with the behaviour 
of individual ridges, the lateral and transverse guiding structures have been 
discussed. The mode sets of this structure are divided into Transverse 
Electric and Transverse Magnetic modes. The transverse waveguide 
dominates the properties o f the structure - the TE modes of this guide 
are dominant. A simple effective index method is used to  reduce the 
two-dimensional waveguide into an effective one-dimensional waveguide. 
The modes of this structure have been investigated. Of particular 
importance in determining the threshold of the laser waveguide is a 
property known as the confinement factor or power-filling factor. This 
parameter determines the relative proportion of the optical energy within
150
the active region of the laser. In turn, it influences the threshold of the 
laser since the threshold is shown to  be proportional to  the overlap of the 
gain distribution with the photon distribution.
Following the review of the single-element ridge waveguide laser, the 
coupled mode formalism of Yariv (ref 127) and Hardy and Streifer (ref 36, 
37) was used to derive coupled equations pertaining to  the waveguiding 
properties of evanescently-coupled multiple ridge waveguides. The 
formalism, in its simplest form, describes the performance of an array of 
guides in terms of the propagation constants and distributions of the 
individual waveguides and two modifiers - the coupling constant and the 
induced phase-change parameter. These are seen to  depend on the guide 
strength and separation. The general formalism is used to  investigate the 
behaviour of many array types - uniform arrays, chirped arrays and, of 
much interest, the high-uniformity intensity array proposed by Buus (refs 
15, 16). The latter is a tailored array in which the coupling o f the outer 
elements of the array is used to  pull the intensity distribution close to 
uniformity. Unfortunately, this design is very susceptible to  very small 
changes in guide strength and, even when the guides are correctly 
dimensioned to achieve uniform intensity, the highest order mode is 
preferred due to its lower modal loss (i.e. it requires less gain to  reach 
threshold). In general, the array designs investigated will either operate in 
a higher order mode or the light distribution is so non-uniform th a t the 
performance would be no better than th a t of a single element device.
In order to  overcome the difficulties of the various design instabilities, 
two alternative design arrays were proposed utilising another form of 
mode selection. The first involves the angling of the facet of a laser array
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to  induce phase-changes beneath the ridges converting the preferred 
highest order mode to  the fundamental mode; the second design involved 
attaching a broad area laser to  the end of a multi-element ridge structure 
to  act as a mode conversion filter. Unfortunately, the angled facet laser 
array was shown to  produce degenerate modes a t the point of most 
interest (180° phase-change). On the other hand the array with broad area 
mode filter was shown to promote the fundamental mode. However, the 
limiting factor inhibiting its performance is the belief th a t the structure 
could break down into random filamentary oscillation since, due to its 
extrended width, it is capable of supporting many modes.
Having investigated the mode properties of laser arrays, the lasing 
behaviour of the arrcTy was considered. A model of the lasing action o f the 
array was formulated based upon a model by Kapon, Katz, Margalit and 
Yariv (ref. S3). Two models were derived from the same basic formulae - 
the first involved calculating the maximised photon output for a given 
current distribution, inverting this result to  yield the currents for a given 
photon output power; the second model was based on minimising the 
lateral gain distribution for a given output power. The two results were 
seen to differ a t thereshold but converge for high output powers. Of note 
was the fact th a t the first model suggested tha t to  maximise the output 
power, carriers were diverted to the ridge with the greatest photon 
density. This in turn suggests th a t the carrier density should not be 
clamped a t its threshold value but tha t carriers should be injected where 
they are needed m ost once lasing has begun.
The second model, however, fixes the carrier density at its threshold value; 
it also calculates slightly lower drive currents for a given output power. 
These calculations are shown to  be consistent with the models used.
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Having derived an active model of the laser, the last step explored was to 
tie the calculated carrier profiles into a simple self-consistent model by 
iterating the mode solutions as the effective index profile changed under 
carrier injection. One important assumption made for the model was tha t 
the mode solution was known (e.g. the fundamental mode was selected) 
and the resulting distribution calculated. It was shown tha t the effects of 
carriers dominated the laser array designs under consideration - the 
carrier-induced dielectric changes caused the eigenvector distributions to  
vary significantly from the 'passive' solutions and, in some cases, stable 
mode solutions could not be obtained.
In conclusion, this thesis has investigated several ridge waveguide laser 
array designs and has suggested models for use in analysing these 
structures. However, simple solutions providing a stable, single-mode, high 
power laser output were not obtained.
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